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Abstract 
The aim of this thesis was to develop a bioactive and resorbable nanoscale composite 
that mimics the properties of bone and will have the potential to regenerate bone. In 
conventional composites, the polymer phase can mask the bioactive phase and often 
degrades faster than the ceramic phase due to the weak interfacial bonding between 
the polymer and ceramic. Here in this thesis an organic/inorganic nanocomposite 
with stronger interfacial bonding between the two phases has been produced using 
the sol-gel route.  
Glasses containing SiO2 and CaO were used as the inorganic while the amino acid 
poly-γ−glutamic acid (γ−PGA) was used as the organic. This is the first time an 
inorganic/organic hybrid with enzymatically degradable polymer covalently 
crosslinked to the inorganic has been produced. Several factors contributed to the 
homogeneity of the nanocomposites; most important of all was the extent of 
integration (homogeneity and phase miscibility) of the organic into the inorganic sol.  
The main focus of this thesis was to synthesise this new material and to develop an 
understanding of the nanoscale interactions of the two phases. The chemical structure 
of the nanocomposites were characterised with Fourier transform infrared 
spectroscopy (FTIR) and nuclear magnetic resonance spectroscopy (NMR) and the 
nanostructure was characterised with scanning and transmission electron microscopy 
(SEM and TEM). Bioactivity studies of the nanocomposites in simulated body fluid 
(SBF) showed that the nanocomposites containing calcium were bioactive. Initial in 
vitro cell response studies also showed that the nanocomposites were not toxic to 
cells.  
Nanocomposites were also foamed to create the first porous bioactive 
inorganic/organic scaffolds with covalent bonding between the organic and  
inorganic. Micro-computed tomography (μCT) was used to non-destructively image 
and quantify the internal pore structure of the bioactive nanocomposite scaffolds. 
The three-dimensional images of the scaffolds show that the nanocomposites have 
large macropores with multiple connections between them giving a suitable pore 
structure for tissue engineering.  
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1 Introduction 
In America alone more than 3 million musculoskeletal related procedures are 
performed annually, of which about half are bone grafting with autografts which are 
bone harvested from the patient or allografts that are taken from donors [1]. The total 
cost of these bone grafting procedures was estimated to be worth more than 
$2.5 billion a year [1]. Autografts are the gold standard for bone grafting, however 
due to limited supply and donor site morbidity a large number of allografts, which 
are not limited by supply are also used [2]. However, allografts present the risk of 
disease transmissions and are not as mechanically and biologically superior than 
autografts [2]. Therefore the current goal of bone tissue engineering is to make 
constructs, which have all the potential benefits of an autograft, available for 
implantation as soon as the need arises.  
The bone tissue engineering strategy adopted in this research is to implant the 
construct directly into the patient with resorption of scaffold and tissue growth into 
the scaffold taking place in vivo. Therefore the scaffold must have mechanical 
properties similar to the host bone to withstand loading and stimulate bone growth.  
Organic and inorganic materials are used to produce artificial tissue engineered 
constructs that replace and/or regenerate damaged and diseased tissue. Inorganic 
bioactive glasses have been shown to bond to soft and hard tissue [3-5] and stimulate 
bone growth [6]. Porous polymer constructs have been produced that can be 
degradable by chain scission and enzymatic action [7].  
Bioactive glasses offer strength in compression while polymers offer toughness. 
However, these two classes of materials alone are not suitable for applications that 
undergo cyclic loading due to poor tensile properties of glasses and because 
polymers easily buckle under compressive loading. Therefore a suitable bone tissue 
engineering construct would be a composite of the organic and inorganic 
constituents. Macro-scale organic/inorganic composites have been produced by 
combining the two phases, these composites however have low mechanical strength 
and poor resorption control. The downfall of the macro-composite is owed to the fact 
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that the composite behave as two materials at the nanoscale. Therefore a nanoscale 
composite would be an ideal material for bone tissue regeneration. 
The foaming of sol-gel derived bioactive glasses has enabled the production of 
highly porous three dimensional bioactive glass scaffolds with high surface area to 
volume ratio [8, 9]. The incorporation of polymer into the scaffold at the foaming 
stage will enable the production of a scaffold which is a composite at the nano-scale. 
In this thesis prior literature is first reviewed showing limitations of current ceramic, 
polymer and macro-scale composites constructs hence the need for a nanoscale 
composite materials. Then, a new improved technique using X-ray Micro-Computed 
Tomography (μCT) to characterise non-destructively the pore network of the existing 
sol-gel produced bioactive glasses as a function of sintering temperature is presented 
in Chapter 3. Then the development and characterisation of the novel 
organic/inorganic hybrids is presented in Chapters 4 – 7. 
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2 Literature review 
2.1 Introduction 
This chapter aims to review current biomaterials in bone tissue engineering. Before 
the materials are reviewed it’s important to understand the criteria these materials are 
to fulfil. Therefore a brief review of bone is presented first then the bone tissue 
engineering strategies adopted and the criteria these bone tissue engineering 
constructs have to fulfil will be reviewed. Finally, current bioactive materials, 
polymers and composites will be reviewed. 
2.2 Human bone 
The complex hierarchical structure of bone is shown in Figure 2.1. In material 
science terms, bone is a natural nanoscale composite which is composed of collagen 
fibrils with bone mineral crystals (carbonated hydroxyapatite) aligned in between 
them. As Figure 2.1 illustrates, there are two main bone types; cortical (compact) and 
Figure 2.1. Hierarchical structure of human bone, after Rho et al. [10]. 
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cancellous (trabecular or spongy) bone. The cortical bone is a dense compact 
structure able to withstand the torsional strains and the cancellous bone is a finely 
trabeculated structure with struts aligned along the complex stress lines [11]. 
Bone is remodelled by the actions of osteoblasts and osteoclasts. Osteoblasts lay 
down new bone while osteoclasts are responsible for degradation and resorption of 
bone. 
Figure 2.2 shows an image of human bone in two parts. One part has the organic 
phase removed using bleach leaving behind the intact inorganic phase apatite and the 
other has inorganic phase dissolved with hydrochloric acid leaving the organic phase 
intact (collagen). Both the organic and inorganic components alone are able to hold 
the original shape of the bone illustrating that both phases form a continuous network 
throughout the whole bone.  
The organic and inorganic phases of human bone interact at the nanoscale and are 
reported [10] to be composed of collagen molecules ~100 nm long ~1 nm in diameter 
(organic) with hydroxyapatite crystals ~10 x ~25 nm by ~40 nm (inorganic) at the 
gaps of these collagen molecules where both are bonded together covalently (Figure 
2.1)[13, 14]. It is also stated that the organic collagen molecules are linked to each 
other via covalent crosslinking and the inorganic apatite crystals interact with each 
other at the nanoscale [15]. The toughness of bone comes from the organic phase, 
where it surrounds and distributes the loads to the inorganic. The inorganic minerals 
take the majority of the compressive loading. 
(Apatite) (Collagen)
 
Figure 2.2.  The stable bone after removing collagen from apatite and apatite from 
collagen, after Oyen et al. [12]. 
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The mechanical properties taken from several different sources for the cortical and 
cancellous bone are given in Table 2.1 [10, 11, 16, 17]. The mechanical properties of 
bone vary depending on the age and type of bone tested [10]. 
2.3 Bone grafts  
Bone grafts are commonly used in skeletal surgeries. Bone grafts provide structural 
stability and linkage to aid in bone growth at sites where damaged or diseased bone 
is removed by surgical procedure. There are four main classes of bone grafts [2, 18]: 
1. Autografts are bone harvested from the same patient. Autografts are 
nonimmogenic and contain osteoblasts. The main disadvantages with 
autografts are that their supply is limited and that the graft removal operations 
are painful and long recovery times are required.  
2. Allografts are bone grafts taken from cadavers and chemically treated before 
implantation. Although large quantities of allografts are available they can 
cause immogenical reactions in the donor. The processing method also 
degrades the quality of the allografts.  
3. Xenografts are bone derived from a different species. As with allografts there 
is sufficient supply, but the graft may cause adverse immogenical responses 
and has potential of transmitting disease. 
4. Alloplasts are synthetic materials such as hydroxyapatite (HA) and 
Bioglass®. The risk of disease transmission and adverse immogenical 
response are eliminated. However, their resorption rate is extremely low. This 
class of bone graft will be reviewed in more detail in the section (2.7).  
There is therefore a need for an artificial alternative.  
Table 2.1. The mechanical properties of human bone [10, 11, 16, 17].  
Source Property Cortical bone Cancellous bone
Compressive strength (MPa) 100-230 2-12
Young's (tensile) modulus (GPa) 7-30 0.05-0.5
Compressive strength (MPa) 34.8-119.2
Young's (tensile) modulus (GPa) 5.5-17.1
Rho et al.  1993 Young's (tensile) modulus (GPa) 15.1-22.1 6.9-13.9
Burstein 1976 Compressive strength (MPa) 140-170
Hench 1996
Lee et al.  1997
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2.4 Bone implants 
Engineering a device for implantation presents a challenge to the field of 
biomaterials. The ultimate aim is to regenerate damaged or diseased tissues whose 
properties are a result of millions of years of evolutionary optimization, and have the 
capability of growth, regeneration and repair under the influences of external factors. 
Thus, all man-made biomaterials used for repair or restoration of the body represent 
a compromise [3]. As with most tissues in the human body, skeletal tissues wear out 
as people become older. The bone will also be damaged by unnatural processes such 
as physical traumas resulting from accidents or sporting injuries. Implants are also 
needed for filling defects created by tumour removal. Implants have been 
successfully used to repair or replace damaged and diseased parts of the human body 
[19]. Bio-inert materials are those that have no reaction and interaction with the 
physiological fluids. Inert implants are made of materials that are very stable. These 
include metal alloys and certain ceramics. Examples of metal alloys used are 
titanium (Ti-6Al-4V) and mild steel. High purity alumina is the most common 
ceramic that is used [19]. Despite the success of the bio-inert implants they have 
limited life and do not adapt to their environment. This leads to the need for a 
revision surgery.  
Several problems have been identified with nearly inert implants [19]. These are 
caused by biochemical and biomechanical differences between the implant and host 
tissue [19]. The main problems are associated with the bone/implant interface 
(chemical), wear particles and stress shielding (mechanical) [19]. 
The introduction of an inert foreign object into the body causes the immune system 
to produce a fibrous membrane between the tissue and the implant. This membrane is 
formed around the entire tissue/implant interface and reduces or nullifies the 
biological fixation between the implant and the tissue, greatly reducing the interfacial 
bond strength. The interfacial strength is further reduced by the growth of the fibrous 
membrane caused by the debris released from micromotion of the interface. These 
wear debris may also cause inflammation.  
The main biomechanical factor is the mismatch in elastic modulus between the 
implant and the host tissue. The elastic modulus of cortical bone and cancellous bone 
is given in Table 2.1. The moduli of bio-inert metallic implants are around 15-750 
and 55-7500 times higher than cortical and cancellous bone respectively, which is 
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also true for ceramic implants [19]. Most of the inert implants used have one elastic 
modulus for the whole implant. In the case of a bone there exists a gradient in elastic 
modulus going from cortical to cancellous bone. The problem with the mismatch is 
that the higher modulus implant will carry most of the load and therefore shield the 
bone from receiving any stress. Bone needs to be under load to be healthy [11]. Bone 
is remodelled by the body and the remodelling is dependent on the load environment, 
which also dictates the pore structure of the cancellous bone. If bone is not under 
load, it will be resorbed by osteoclasts.  
2.5 Regeneration strategies 
Over time the choice of implant material and design has moved away from the nearly 
inert approach to chemically, mechanically and structurally similar to host tissue and 
strategies have shifted from replacement to regeneration of tissue.  
Tissue engineering is defined as the development of functional tissues that can 
maintain, restore or improve damaged or diseased tissue from engineered constructs 
[20]. There are two main strategies for bone tissue regeneration. They are as follows 
[21, 22]: 
1. In situ bone regeneration. This is where scaffold alone is implanted into the 
defect site. The matrix resorbs at the rate of new bone growth in vivo. 
2. The second strategy is to seed cells onto a matrix and the desired tissue is 
grown in vitro. Here, the cells can be cultured on the scaffold and then 
implanted or the construct for implantation is grown to a mature tissue and 
then implanted. 
Both strategies use a biomaterial scaffold. The first is available to implant almost 
immediately, the latter requires harvesting the patient’s cells which are then seeded 
into the scaffold and grown into the required tissue in the lab, this yields in an 
autograft standard construct. The scaffold and the cultured tissue bio-composite 
needs to have similar properties to host bone, therefore the initial scaffold should be 
produced with a template to maximise cell seeding and proliferation [23]. In the case 
of in vivo bone regeneration, on transplantation, the scaffold must have mechanical 
properties similar to the host bone. Advantages of an in vitro cultured construct 
include that large defects can be regenerated and waiting time for implant is minimal. 
In older patients in vivo regeneration would take longer for tissue to grow compared 
to younger person therefore in vitro cultured construct would be preferred [24]. 
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However, the major disadvantage of the in vitro tissue engineering strategy is that the 
final product will not be available for immediate implantation. It requires time for 
cell harvesting and growing on scaffold. 
2.6 Scaffolds for bone regeneration 
An ideal scaffold for bone tissue regeneration would be one that closely mimics the 
tissue that it will repair [25]. There are seven main criteria for a scaffold for bone 
tissue engineering [22]. The scaffold should: 
1. act as a template for three dimensional bone tissue growth. It should have an 
interconnected macroporous network for cell seeding, tissue growth and 
vascularisation. Lu et al. have shown that in vitro human osteoblasts can 
penetrate interconnections that are greater than 20 μm, however they 
recommend a minimum interconnect diameter of 50 μm for new bone 
formation in rabbit femurs [26]. However, it is estimated that the 
interconnects greater than 100 μm are required for bone tissue growth in 
humans. Lu et al also argued that the density of interconnects is more 
important than the size of the interconnects, they based this on the fact that 
the interconnects grow on degradation.  
2. resorb at the same rate as the bone forms. Large surface area to volume ratio 
would allow for faster resorption and also assist cellular attachment.  
3. be biocompatible and the products of resorption should not be toxic and 
should stimulate osteogenesis at the genetic level by promoting the 
expression of the bone cell phenotype [24].  
4. bond to the host bone without the formation of the fibrous membrane, 
therefore forming a strong stable interface which will not loosen on loading 
the bone. 
5. exhibit mechanical properties matching that of host bone. It should transmit 
tissue-specific mechanical forces to cue the behaviour of cells within it [27]. 
6. have a production method that should enable the production of irregular 
shapes and cuttable by surgeons.  
7. have FDA (food and drug administration) approval for clinical use in the 
United States. 
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2.7 Scaffold materials & production routes for bone tissue 
engineering 
Several different types of materials have been studied for bone tissue engineering 
scaffolds [28, 29]. Materials can be grouped to organic, inorganic and 
organic/inorganic composites. The organic and inorganic materials alone as scaffolds 
for bone tissue engineering fall short when it comes to the requirement of strength in 
compression and tension, respectively. Ceramics have high compressive strength but 
are quite brittle and so lack the toughness required if they were to be used in a 
mechano simulated bioreactor. Polymers on the other hand offer toughness through 
crosslinking and chain entanglement but are too soft to withstand compressive 
loading. Composite materials however have the potential to fulfil the seven criteria 
stated in section 2.6. A scaffold made of the organic/inorganic composite material 
could combine the virtues of both inorganic and organic materials.  
The first part of this section will review the inorganic material systems as the first 
result chapter of this thesis is concerned with the characterisation of an existing 
inorganic scaffold. Then composite material and production routes will be reviewed.  
2.8 Bioactive inorganic materials 
Bioactivity is defined as a material “that elicits a specific biological response at the 
interface of the material which results in the formation of a bond between the tissues 
and the material” [11]. Bioactive materials can be osteoconductive and 
osteoinductive. Osteoconduction is the formation and growth of bone along the 
implant surface from the bone/implant interface. Bone bonding is a result of the 
formation of the hydroxy carbonate apatite (HCA) layer on the glass surfaces after 
coming in contact with the physiological fluids [30]. The formed HCA layer is 
similar in composition to the mineral constituent of natural bone.  
Osteoinduction is the growth of new bone on the implant away from the 
bone/implant interface induced by the dissolution ions of the material possibly due to 
recruitment and differentiation of osteoprogenitor cells [31].  
2.8.1 Calcium phosphate ceramics  
Synthetic hydroxyapatite (HA) is the most used bioactive implant material [32]. This 
is because synthetic HA is chemically similar to the mineral component of bone. 
Dense, stoichiometric HA is osteoconductive in vivo, but has low bioactivity relative 
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to bioactive glasses (section 2.8.3), due to the very low rate of ion dissolution for the 
formation of a carbonated hydroxyapatite surface layer [24].  
As reported by Oonishi et al. a HA bone graft replacement will result in a repaired 
tissue that is a composite of bone reinforced by the HA, this is to say that the HA will 
remain in the implantation site for a long time. The low resorbability and a poor 
osteoconductivity of stoichiometric HA are its major disadvantages for use as a 
material for scaffolds. However, Si doping of HA has been performed to increase 
bioactivity and resorption [33, 34]. 
Some of the other phosphate based bioceramics include the (tetra, tri, octa, di, hepta) 
calcium phosphates, which have very unpredictable biodegradation profiles [35]. The 
insufficient bone formation after the resorption of tricalcium phosphates (TCP) also 
meant that they are not suitable for bone tissue engineering [35]. 
2.8.2 Phosphate glasses 
Phosphate glasses are structurally and chemically different to phosphate based 
bioceramics. Amorphous phosphate glasses are often more soluble than silicate 
glasses [36]. The phosphate glasses consist of PO4 tetrahedra, which can be joined to 
three other tetrahedral groups by bridging oxygen bonds [37]. They also have the 
ability to change their solubility rate and their mechanical properties by the addition 
of different network modifiers such as Ca2+ and Na+ [38]. However, only 
osteoconduction has been shown to happen as no osteoinduction takes place. A study 
by Salih et al. found that the highly soluble glasses based on the ternary P2O5-CaO-
Na2O system inhibit growth and bone antigen expression [39]. They also reported 
that the same ternary system with higher proportion of CaO had positive effect on the 
proliferation of the cells, but these glasses are less soluble to those that inhibited cell 
proliferation [39].  
2.8.3 Melt-derived bioactive glasses 
All silicate based bioactive glasses are osteoconductive and certain compositions are 
osteoinductive. There are two main processing routes currently used for the 
production of these bioactive glasses; melt-derived and the sol-gel process. The 
glasses produced with the two routes have differences in their structures but have 
very similar mechanism by which bioactivity is achieved [11]. 
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The first bioactive glass reported was the melt-derived bioactive glass 45S5 
Bioglass® with the glass composition of 45.0 mol% SiO2, 24.5 mol% Na2O, 24.5 
mol% CaO and 6.0 mol% P2O5 [11]. Bioactivity is dependent on composition and is 
lost once the mol% SiO2 is increased above 60% and only a few bioactive glass 
compositions of the melt-derived processing are found to be osteoinductive [11]. The 
osteoinduction is linked with the release of soluble silicon and calcium ions from 
highly bioactive materials [40, 41] and more specifically with stimulation of the 
genes in the bone cells [5, 6]. Xynos et al. reported that the exposure of primary 
human osteoblasts to Bioglass® extracts in vitro triggered the activation of specific 
genes in the cells, leading to increased differentiation and proliferation of bone [6]. 
Bielby et al. also found similar results when mouse stem cells were used instead of 
primary human osteoblasts were used [42].  
Initially it was believed that the formation of the HCA layer required the presence of 
phosphorus and calcium in the glass. This assumption was proved wrong when 
Ebisawa et al. [44] did in vitro and in vivo tests on the melt-derived CaO-SiO2 binary 
glasses and showed the formation of the similar HCA layer on the glass surface. Here 
the phosphorus for the formation of HCA came from the SBF solution and 
physiological fluid. Table 2.2 shows the ion concentration of simulated body fluid 
and human blood plasma. SBF has very similar ion concentration to that of human 
blood plasma and is used for in vitro studies of bioactivity of materials. 
The suggested mechanism behind the formation of the HCA is described in detail in 
[11] and is shown in Table 2.3. To describe briefly; initially ion exchange takes place 
between glass and solution by diffusion. The network modifiers such as Ca2+ and Na+ 
diffuse away from the glass into the solution and H+ and H3O+ from the solution into 
the glass take place, leaving a silica rich surface layer and Si-OH surface groups. 
This diffusion leads to localised supersaturation of SBF with Ca2+ and Na+ ions and 
Table 2.2. Ion concentration of simulated body fluid and human blood plasma
[43]. 
Na+ K+ Ca2+ Mg2+ Cl-
Simulated body 
fluid 142.0 5.0 2.5 1.5 147.8 4.2 1.0 0.5
Human blood 
plasma 142.0 5.0 2.5 1.5 103.0 27.0 1.0 0.5
Concentration (mM)
−
3HCO
−2
4HPO
−2
4SO
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increases alkalinity of the SBF solution [45]. The supersaturation and increased pH 
favours deposition of CaO-P2O5 rich film on top of the silica rich layer by the 
reaction of Ca2+ with PO43- in the solution. The amorphous CaO-P2O5 film grows by 
incorporation of hydroxyl and carbonate ions from the solution and then finally 
crystallise to form the HCA layer. The thick HCA layer that is formed on top of the 
silica-rich layer helps in minimising the interfacial stress gradient between the 
implant and tissue [46].  
One claim that is made against the effectiveness of silicate based glasses is that the 
SiO2 constituent of the bioactive glass is said to be very stable therefore it dissolves 
very slowly and that its long term effects are unknown [38, 39]. Lai et al. implanted 
Bioglass® granules in the paraspinal muscle of rabbits to study the resorption and the 
effects of silicon to the main organs [48]. They made three interesting findings:  
1. the implanted granules were completely resorbed and the resorption products 
were completely excreted 19 weeks after the implantation,  
2. the histological appearance 24 weeks after implantation of all organs studied 
were normal, and  
3. the average excretion rate of silicon was 2.4 mg/day till the 19th week after 
implantation. This indicates that the silica is resorbable with excretion rate 
that is safe for the organs.  
Melt-derived glasses are currently clinically used in the form of powder or granules 
which are packed into relatively small defect sites as the products Perioglass and 
Novabone (Novabone Corp. Alachua Florida). In order to repair large defects, a 3D 
scaffold is required which should fulfil the criteria listed in section 2.6. Bioglass® 
can not be produced into 3D macroporous scaffolds without crystallising the glass 
Table 2.3. The stages of the silicate based bioactive glass reactions for the 
formation of apatite layer [47]. 
4
3
2
1
ReactionStage
Growth and crystallisation of the amorphous CaO-P2O5 film by incorporation of OH-, CO32-
and F- anions from solution to form hydroxyl, carbonated and fluoroapatite layer, respectively.
Deposition of the supersaturated Ca2+ and PO43- groups from the solution onto the surface
of the glass as CaO-P2O5 rich amorphous layer
Loss of network modifiers Na+ and Ca2+ and breakup of network former SiO2 leads to 
silanol groups at the glass surface
Rapid exchange of Na+ and Ca2+ with H+ and H3O+ from solution
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[49]. This is known to reduce the bioactivity and gives unpredictable degradation 
[49]. This requirement brought about the production of glass scaffolds using the sol-
gel technique [9].  
2.8.4 Bioactive glass ceramics 
A glass ceramic is a ceramic that is crystallised from a parent glass. The A/W glass 
ceramic is a composite of crystals of oxyfluoroapatite (Ca10(PO4)6(O,F2)) and 
wollastonite (calcium metasilicate, CaSiO3)  in a glassy matrix [50]. The mechanical 
strength of these glass-ceramics is superior to those of parent monophase glasses or 
the sintered ceramics [51]. The A/W glass-ceramic has higher compressive and 
bending strength, elastic modulus and fracture toughness than the Bioglass® and HA 
bioactive materials [52]. This glass-ceramic has been clinically used with the trade 
name Cerabone® as iliac spacers, artificial vertebrae, spinal spacers and 
intervertebral spacers. Scaffolds can be produced from A/W via the powder 
processing route. Casting the parent glass into a mould as a slurry and firing would 
result in the formation of cracks throughout the entire structure. The A/W glass-
ceramic has further problem associated with resorption where, the glass phase often 
resorbs fast leading to unbound ceramic phase within the implant site.  
2.8.5 Sol-gel derived bioactive glasses 
The bioactivity of a glass does not depend solely on the glass composition alone, it is 
also affected by the structural features of the glass such as the porosity, pore size and 
pore volume [53]. The sol-gel derived materials possess a mesoporous texture which 
gives a high surface area for solid to liquid reactions to occur [53]. The two orders of 
magnitude higher surface area to volume compared to melt-derived glasses enhances 
the rate of the ion release from the glass into the physiological fluid, which increases 
the rate of bioactivity, the increased surface area presents a higher number of Si-OH 
groups which provides sites for apatite nucleation [54]. It is therefore expected that 
the sol-gel glasses would also be osteoinductive since the dissolution rate is higher 
for the sol-gel glasses. However, Xynos found that the gene expression was 
dependent on the dosage of silicon ions with optimum activation at approximately 20 
μgml-1 of Si per 20,000 cells [6]. Therefore it will be important to control the 
dissolution rate of the gel-derived glasses.  
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The combination of surfactant chemistry and sol-gel processing has brought about 
simple and versatile synthetic approaches to produce new multistructured porous 
materials with a controlled pore structure on all scales, from the meso to the 
macroscale. The sol-gel technique has been used to produce several compositions of 
bioactive glasses [53]. The combination of foaming and accelerated gelling has 
enabled the formation of scaffolds that have a macroporous network with potential to 
allow cell seeding and 3D tissue growth while the mesopores enhance bioactivity and 
support adhesion of proteins and growth factors [9]. 
The sol-gel technique and its reactions have been widely studied [8, 55] therefore 
only a brief description is given here. The two step sol-gel reactions are given in 
Equations 2.1 and 2.2 for the silicon alkoxide precursor, where R represents CH3 in 
tetramethoxysilane (TMOS) precursor or CH2CH3 in tetraethoxysilane (TEOS) 
precursor. Under acidic or alkaline conditions the hydrolysis of the alkoxide takes 
place producing a silanol and water (2.1). Two silanols can then condense together to 
form a Si-O-Si bonds, this is often described as an oligomer (2.2). The other product 
of the condensation reaction is water, however the condensation reaction can also 
proceed by another route where the silanol from the first reaction can directly attack 
another alkoxide molecule and produce an oligomer (oligomer is a small polymer or 
consists of few monomers), here the byproduct is an alcohol instead of water. Under 
alkali conditions both reactions are known to take place simultaneously and at acidic 
conditions hydrolysis is often complete before condensation takes place. Gelling 
takes place when viscosity has increased to the point of zero flow and the inorganic 
network is built up through out the solution, i.e., once a degree of network 
connectivity is achieved.  
Hydrolysis
SiO
O
O
OR
R
R
R OH2+ SiO
O
O
OR
R
R
H + ROH
 (2.1) 
Condensation
SiO
O
O
OR
R
R
H Si O
O
O
O R
R
R
H+ Si O
O
O
R
R
R
SiO
O
O
OR
R
R
+ OH2
 (2.2) 
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The gel is then aged (60°C), dried (130°C) and stabilised (600°C) to strengthen it, 
remove liquid by-products and remove organic phases from the glass, respectively. 
The macroporous network is achieved by vigorous agitation of the solution prior to 
gelling. Surfactant and gelling catalyst are added before foaming to stabilise the foam 
and accelerate the gelling process, respectively. The most common gelling catalyst is 
HF which is also one of the most active [56]. 
Sepulveda et al. measured the textural porosity of three different compositions of sol-
gel derived glass scaffolds using the BJH method nitrogen sorption [9]. The 100 % 
SiO2 (100S), 70 % SiO2 + 30 % CaO (70S30C) and 60 % SiO2 + 36 % CaO + 4 % 
P2O5 (58S) systems were found to have very similar textural mesopores [9]. The 
mesopores ranged from 10 nm to 30 nm for all the systems [9]. Another study which 
looked at the bioactivity of varying compositions of the binary SiO2-CaO system 
(90S10C, 80S20C, 70S30C, 60S40C and 50S50C) concluded the following [53]: 
1. The stages of the interfacial reactions (Table 2.3) that occur between the 
matrix and the SBF, which is responsible for the formation of the apatite 
layer, are nearly complete within the first 24 h of immersion in SBF for most 
of the binary glasses. This indicates that the bioactivity of the binary SiO2-
CaO systems is very much similar to the ternary 58S system. 
2. Within the first 3 h of exposure to SBF, the binary glasses underwent the first 
3 stages of the interfacial reactions (Table 2.3). The reaction time was as fast 
as it was with the melt-derived 45S5 Bioglass® [11]. 
3. It was also noted that the formation of an additional second layer of apatite 
was faster for the 70S30C composition compared to the other 4 binary 
compositions studied.  
4. The sol-gel technique has increased the maximum mol % of SiO2 permissible 
to be bioactive in the binary SiO2-CaO system from a 60 mol% [44] in the 
melt-derived to 90 mol%.  
Jones et al. further optimised the binary 70S30C glass by investigating the effects of 
surfactant concentration, HF addition and sintering temperature on the pore network 
and strength [57-59]. By varying the surfactant concentration the foam volume (the 
volume of foamed sol) was controlled which in tern determined the density of the 
scaffolds. The surfactant used was Teepol which was composed of ionic and non-
ionic hydrophilic and hydrophobic molecules that made up < 5 % of the total volume 
(Refer to Appendix A). They recommended an optimum foam volume of 225 % of 
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the original sol volume, to achieve density of 0.25 g/cm3 after stabilisation. This 
density was found to give the optimum pore network after sintering at 800°C 
resulting in pores that were 400 μm in diameter and modal interconnect size of 98 
μm determined via mercury intrusion porosimetry. They also showed that sintering 
the scaffolds at 800°C for 2 h resulted in higher compressive strength (2.26 MPa) but 
had reduced bioactivity, which was evident from the longer times (3 days) required 
to form the apatite layer [59], this could be due to the smaller nanopores and less 
number of Si–OH groups on the material due to sintering [60]. The interconnected 
pore structure together with the higher compressive strength makes this scaffold an 
ideal material for bone tissue engineering. These sol-gel glass scaffolds fulfil all the 
criteria for bone tissue regeneration except for the toughness and tensile properties 
required for load bearing sites.  
2.9 Organic/inorganic composites  
2.9.1 Introduction 
A composite will combine the toughness of a polymer and the stiffness offered by a 
ceramic. Often conventional composites are fabricated by addition of bioactive 
inorganic particles to a solution of organic phase. This fabrication route has some 
potential drawbacks, which are:  
The two phased composite material should resorb at a controlled rate. This is 
dependent on the choice of polymer and the interaction between the organic and the 
inorganic phases. If the polymer resorbs faster than the inorganic it would leave 
particles of unbound inorganic in the implantation site. Therefore a review of the 
polymers that are mostly used is presented. 
The bioactive inorganic particles should not be masked by the organic polymer, i.e., 
the presence of organic phase should not hinder HCA formation, cell attachment and 
ion release. The fabrication route influences whether the inorganic is masked by the 
organic or not. Therefore this section also reviews the current fabrication techniques 
for organic/inorganic composite scaffold production. 
2.9.2 Choice of organic phase  
Polymers for biomedical applications can be either resorbable or non-resorbable. 
Bone tissue engineering or in situ regeneration requires the scaffold material to be 
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resorbable; therefore this criterion makes non-resorbable polymers redundant. The 
focus of this section will therefore be on resorbable polymers for composite scaffold 
material application.  
When it comes to the degradation of polymers in vivo the words biodegradable, 
bioerodable, bioresorbable and bioabsorbable are often used misleadingly in the 
literature. This work will use definition given by Vert et al. [61] for the terms 
“bioabsorbable”, “biodegradable” and “bioresorbable”. “Bioabsorbable” will mean 
the absorption of polymer chains from the solid into the bodily fluids without any 
chain scission or decrease in molecular weight of the polymer. “Biodegradable” is 
reserved for a solid polymer which will degrade into its monomer and/or oligomers 
by the action of water and/or enzymes and/or cells but does not necessarily need to 
be excreted from the body. The term “bioresorbable” will be used with materials that 
degrade by hydrolysis or enzymes and the products of degradation are then excreted 
from the body either by filtration at kidney or through metabolisation by cellular 
activities. There are two types of polymer degradation: by water – hydrolytic 
degradation (hydrolysis) or by biological agents such as enzymes – enzymatic 
degradation [62].  
Resorbable polymers can be grouped into natural or synthetic polymers. Natural 
polymer materials are generally the actual in vivo extracellular matrix components, 
so they may provide positive cellular interactions compared to synthetic polymers 
[63]. The most commonly used polymers in composite systems are described below. 
Poly(α hydroxy acids) 
Poly(α hydroxy acids) are polyesters. Commonly used as scaffolds are poly(-lactic 
acid) (PLA), poly(-glycolic acid) (PGA) and poly(-lactic co-glycolic acid) (PLGA) 
because they were approved for clinical use as sutures by the food and drug 
administration (FDA). They bioresorb by acid/water hydrolysis to monomers of 
lactic and glycolic acids, which are excreted by the human body [64]. The 
degradation rate is highest for the less hydrophobic PGA than the PLA [63]. The 
degradation is dependent on the molecular weight (Mw) of the polymer, its Tg, 
crystallinity, hydrophobicity of the monomer components and the size of the implant 
[65]. Higher molecular weight polymers will maintain strength for a longer time than 
the smaller Mw polymer. It is difficult for water to penetrate the crystalline regions 
therefore a crystalline polymer will resorb slower than an amorphous one [66]. As 
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with crystallinity, hydrophobicity also slows resorption. The degradation rate can 
also be tailored using co-polymers containing lactic and glycolic acid subunits. 
Although PLGA has much more controlled degradation rate than the PGA and PLA 
they lack functionalities other than end-groups for chemical modification [67]. 
All three poly(α hydroxy acids) exhibit heterogeneous bulk bioresorption by random 
hydrolytic scission of their ester bonds forming acidic monomer and oligomer units 
with –COOH groups, these auto-catalyse the resorption [35, 63]. The auto-catalytic 
effect is faster in the bulk than the surface resorption, which leads to the implanted 
devices having hollow structures after implantation [65]. The non-homogeneous and 
unpredictable rapid release of acidic monomers can cause strong inflammatory 
responses [68] and influence the pH of the implanted site which can damage the 
tissues around the implant. The mechanical properties of the PLGA family are also 
limited [69] when dry they are quite brittle [70] and when wet they are significantly 
weaker than normal [71]. Wu et al. determined the wet mechanical properties of 
blends of PLGA polymer and showed that it is highly dependant on the amount of 
fluid present [71]. The fluid acts as a plasticiser and lowers the glass transition 
temperature (Tg) of the polymer. The wet Tg of PLGA is around that of body 
temperature [70] therefore the true mechanical strength of the polymer will be lower 
after implantation.  
Poly caprolactone (PCL) 
PCL is also a semicrystalline polyester which has much slower bioresorption times 
than the poly(α hydroxy acids) [72]. PCL has a low melting point of 57°C and a low 
glass transition temperature therefore it is in a rubbery state at room temperature [62] 
and exhibits more elongation to fracture than its counter parts [63]. PCL also 
degrades by chain scission and exhibits bulk resorption [72], therefore PCL has 
similar biocompatibility to the PLA and PGA polyesters. The usefulness of PCL has 
been extended by copolymerising it with lactide and glycolide [73].  
Collagen 
Type I collagen is a well-known protein that has found many medical applications 
[74]. It plays a major part in the formation of tissues and organs and accounts for up 
to 30 % of all proteins in the human body [62]. Collagen is biodegradable and has a 
very little immunoreaction on implantation [62]. It has seen application in the tissue 
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engineering of skin [75], nerve [76] and several other applications [74]. Collagen has 
been used in the engineering of bone and it is reported [77] that when collagen is 
combined with recombinant human bone morphogenetic protein-2 (rhBMP-2) it 
displays osteoconductivity and acts as a platform for anchorage for cell 
differentiation without the formation of a fibrous membrane. The main disadvantages 
of using collagen for bone tissue engineering are that high quality collagen is very 
expensive and is not readily available. Due to the H-bonding and regular folding it is 
difficult to dissolve and therefore to process into a scaffold. However, collagen has 
superior property compared to the above mentioned polyesters. Being a protein it 
will also undergo biodegradation and hence the resorption will depend on the 
metabolic activity of the patient and the implanted site. Collagen also has many 
functional side groups which can be modified to achieve covalent bonding between 
the organic and the inorganic phases. This is likely to improve the integrity and 
control the degradation rate of the composite.  
2.9.3 Organic/inorganic composite scaffolds 
The end micro structure of a composite is mainly determined by the fabrication 
techniques used and also on the form of the initial composite constituents. Therefore 
this section will look at the different fabrication techniques employed for the 
production of composite as a means of reviewing the composite materials.  
Table 2.4 shows some of the common techniques for the fabrication of 
organic/inorganic composite scaffolds [59, 78-87]. 
.  
PLA/calcium phosphate glass particles composites of solvent casting method  
The solvent casting method was first developed by Mikos et al. [88] for pure PLA 
scaffolds. This technique was then extended to the manufacture of composite 
scaffolds [81, 89-91]. The fabrication method consists of dissolving the polymer into 
a solvent, and adding the ceramic phase as either granules or fibres to this mixture. 
Particles of leachable porogen (particles of salt or sugar) are then added to the 
mixture. The mixture is poured into a mould and left to dry in air or under reduced 
pressure to evaporate off the solvent. The cast is then soaked in water to dissolve 
away the porogen.  
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The disadvantages associated with this technique in general are that: (1) the 
homogeneity and interconnectivity of the pores in the scaffolds is difficult to control; 
(2) residual porogen may be present; and (3) that some parts of the toxic solvent used 
remains in the scaffold after processing [92]. No studies have quantified the 
interconnectivity of the pores, some authors claim that the higher porosity samples 
Table 2.4. Fabrication techniques currently used for the production of scaffolds. 
Fabrication 
technology
Processing Material type/ 
properties 
required for 
processing
Scaffold design 
and 
reproducibility
Achievable pore 
size in μm
Porosity 
in %
Architecture
Organic/
Soluble
Organic and 
composite/
Soluble
Organic/
Amorphous
Organic and 
composite/
Micropores<50
Amorphous macropores<400
Organic and 
composite/
Soluble
Organic, 
inorganic and 
composite/
Soluble
Composite/
Slurry
Inorganic and 
composite/
Slurry
Inorganic/
Powder
Inorganic and 
hybrid/
Meso 2-50nm
Precursor Macro 10-2000
Solvent casting 
in combination 
with particle 
leaching [81]
Casting
Foam polymer 
coating [84]
Solvent 
bonding
Not 
quoted
100-500
User, material 
and technique 
sensitive
30-300 20-50
Material and 
technique 
sensitive
Spherical pores, salt 
particles remain in 
matrix
Not 
quoted
The inorganic phase 
is masked
<60-80 100% 
interconnected 
macropore design 
and fabrication layer 
by layer
<97
<80 Irregular shaped 
pores, 
interconnected
Isotropic structure 
with spherical pores 
and high 
interconnection of 
meso and macro 
pores
100-400
Sol-gel [59] Casting User, material 
and technique 
sensitive
Gel casting [86] Casting User, material 
and technique 
sensitive
User, material 
and technique 
sensitive
Hollow struts after 
burning out 
polymer, complete 
coating masks the 
inorganic 
Rapid 
prototyping 
[82,83]
Solid free 
form 
fabrication
Machine and 
computer 
controlled
45-150
Polymer foam 
replication in 
combination 
with polymer 
coating [85]
Solvent 
bonding
Material and 
technique 
sensitive
100-500
10-30
Supercritical-
fluid 
technology with 
particle 
leaching [80]
Casting User, material 
and technique 
sensitive
<97
Supercritical-
fluid 
technology [80]
Casting Material and 
technique 
sensitive
<200
User, material 
and technique 
sensitive
Low volume- of non-
inerconnected 
micropore structure 
combined with 
interconnected 
macropore structure 
High volume of 
interconnected 
micropore structure
High volume of 
interconnected 
micropore structure
High volume of 
interconnected 
micropore structure
<200
<100
<97
<97
Emulsion 
freeze drying 
[78]
Casting
Thermally 
induced phase 
separation [79]
Casting
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have higher interconnectivity [91], therefore it is assumed that the scaffolds having 
high porosity > 90% have sufficient interconnectivity. 
Navarro et al. used solvent casting with particle leaching to fabricate PLA/calcium 
phosphate glass particle composite. Figure 2.3 shows SEM images of the scaffolds 
[91]. The organic forms the matrix phase of the PLA/calcium phosphate composite 
as indicated by the SEM images in Figure 2.3. The degradation and loss of strength is 
dependent on the polymer alone, which in this case is PLA. Another problem that has 
not been addressed is the inorganic particles being enveloped by the organic phase 
and so delaying HCA formation. However, Navarro et al. stated that the 
PLA/calcium phosphate glass particles composite forms HCA on contact with SBF. 
They have stated that the aqueous fluid penetrates through the polymer and reacts 
with the glass particles to form HCA. This is thought to cause micro cracks in the 
surface of polymer which speeds up the degradation and increases the surface present 
for more reactions to occur. However, they did not state the kinetics of the HCA 
layer formation. 
All aside the mechanical properties of such composites are still not sufficiently high 
enough for bone tissue engineering [91]. They found that the incorporation of 40 wt 
% glass particles the elastic modulus and compressive strength of the scaffolds can 
be increased from 74.5 to 120 kPa and 17.5 to 20.1 kPa, respectively. Comparing to 
Figure 2.3. SEM image of a solvent casting and particle leaching composite 
scaffold. The black arrows indicate glass particles. The magnification bar 
corresponds to 200 μm and (b) higher magnification showing the glass particle 
covered by polymer. After Navarro et al. [91] 
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mechanical properties of cancellous bone in Table 2.1 the scaffold is at least two 
orders of magnitude weaker. 
PCL/HA and PLLA/HA particles composites 
Verma et al. also used the solvent casting method to fabricate HA/PCL composites 
[93]. However they did not use any porogen to increase porosity. Instead they used 
methanol to introduce porosity. The monolithic composites were found to have 0.82 - 
1.16 GPa modulus and compressive strength of 53 MPa and 43 % deformation to 
failure. The scaffolds produced had interconnected porosity of the order of 5 – 50 
μm, which is too small. The moduli of the porous composites were found to be 
between 9 and 30 MPa. Others have also used the solvent casting method to produce 
HA/PLLA composites [94] they showed that composites with controlled pore and 
interconnects can be created. However, the filling of the gaps between the porogen 
would not be homogeneous and have a heterogeneous HA distribution, leading to 
poor mechanical performance. 
PLA/calcium phosphate glass particles composites of phase separation method  
Phase separation or thermally induced phase separation (TIPS) [81, 91, 92, 95, 96] 
involves dissolving the polymer into a solvent, such as dimethylcarbonate, then glass 
or ceramic powder is added to this solution and stirred well. This mixture is 
quenched in liquid nitrogen and left to dry in reduced pressure for several days [92]. 
Figure 2.4 taken from [91] shows a micrograph of the anisotropic PLA/calcium 
phosphate glass particles composite scaffold morphology obtained via this technique. 
The morphology can be controlled with polymer concentration in solution, volume 
fraction of the glass/ceramic phase, quenching temperature and solvent used [92]. 
The amount of glass or ceramic that can be added is a limited, higher fraction of the 
inorganic phase will reduce the drive for solvent/polymer phase separation. As 
observed by Navarro et al. the glass particle in Figure 2.4 is entrapped within the 
matrix, this they suggest increases the stiffness of the composite [91]. The main 
purpose of the glass particle is to induce bioactivity, therefore having it entrapped 
within the matrix is ineffective and will not form a rapid bond to bone.  
Planell et al. [97] studied these scaffolds and were not able to identify much 
difference in the cellular attachment and proliferation of the scaffolds before and 
after the incorporation of glass particles with both solvent casting and phase 
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separation was used to make the scaffolds. The general understanding was that the 
release of calcium from the scaffold will enhance cellular activity, however since 
only a very small enhancement was found with the incorporation of glass particles it 
can be said that the reduced activity of glass containing scaffolds were due to the 
particles being covered by the polymer.  
PLLA/TCP composite and free form fabrication 
Many methods of solid free form (SFF), also called rapid prototyping (RP) have been 
developed, including stereo lithography, ink jet printing, selective laser sintering, 
fused deposition modelling and low-temperature deposition manufacturing (LDM). 
All the different methods work on the same basis, where the layer by layer building 
up of the scaffold is controlled electronically based on a computer aided design 
(CAD) file design. SFF offers some advantages over the other fabrication techniques, 
these are customisable design, computer controlled therefore easy to replicate and 
mass produce and safer processing conditions [98]. SFF has been used extensively to 
fabricate polymer scaffolds, where as the ceramic scaffolds are mainly fabricated 
50 μm
 
Figure 2.4. SEM image of a phase separation produced composite scaffold. The 
black arrows indicate a glass particle. The magnification bar corresponds to 80 μm, 
after Navarro et al. [91] 
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using the indirect SFF method [98]. The indirect SFF method involves constructing 
an inverse image of the scaffold using polymers and then intruding the polymer foam 
with ceramic slurry which is then sintered at high temperature to burn out the 
polymer foam [99].  
Xiong et al. have developed a low-temperature deposition manufacturing (LDM) 
technique to fabricate a PLLA/TCP composite scaffold for bone tissue engineering 
[100]. The technique adopted by this group made use of a toxic solvent and their 
slurry deposition needs to overcome the same problems mentioned for the solvent 
casting technique.  
Figure 2.5 shows SEM images of the PLLA/TCP LDM scaffold. At low 
magnification (Figure 2.5(a)) the scaffold had interconnects that were up to 400 μm 
diameter, however some of the channels are blocked with inorganic particles and 
others are blocked with polymer. The deposition accuracy of the slurry needs to be 
further improved to accurately control the channel sizes. The high magnification 
shows that the composite has another level of connectivity, which is of the order of 5 
μm. The TCP particles are non homogeneously distributed within the polymer 
matrix, which will influence the performance of the composite. However, Xiong et 
al. managed to achieve compressive strength of 4.71 MPa for a scaffold with 89.6% 
porosity which is in the range of human trabecular bone. They also showed that the 
scaffolds successfully regenerated a 20 mm defect on a canine radius in 24 weeks.  
10 μm500 μm
(a) (b)
Figure 2.5.  SEM images at low (a) and high magnification (b) of PLLA/TCP 
composite scaffold created using the low temperature deposition manufacturing 
process, after Xiong et al. [100]. 
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PDLLA/Bioglass® composite scaffolds by phase separation and slurry dipping  
Polymer foams have been coated with ceramic particles or fibres to achieve 
bioactivity and increase strength [84]. Rother et al. produced bioactive and 
bioresorbable composite scaffolds of PDLLA/Bioglass® by slurry dipping and 
electrophoretic deposition (EPD). They used poly (D, L lactic acid) (PDLLA) foams 
that were fabricated using the phase separation technique and coated the foams with 
5 μm particles of Bioglass®. It was reported that the slurry dipping technique was 
superior to the EPD technique and that the slurry dipping technique completely 
covered the polymer surface. The composite scaffolds were found to be bioactive as 
they produced HCA after immersion in SBF. The initial aim of inducing bioactivity 
has been achieved but the virtues of polymer were lost. The polymer was sealed 
away from physiological fluids therefore it would not degrade until the Bioglass® on 
the surface fully resorbed. The effect of this polymer coating on the mechanical 
properties of the composite has not been investigated. It may be that the straining of 
the scaffold may cause the debonding of the ceramic layer. The survivability of the 
coating/substrate is also dependant on whether the bonding present is strong covalent 
or ionic bonding.  
PLGA/Bioglass® composite scaffolds by micro-spheres sintering 
Yao et al. have fabricated Bioglass® (BG)/poly (lactic-co-glycolic acid) composites 
using the microspheres sintering route [101]. They first produced composite 
microspheres of PLGA-30 % BG which they then sintered together to produce the 
porous scaffold. Figure 2.6 shows the SEM image of the surface of the composite 
microsphere that contains < 40 μm sized BG particles before immersion (a) and after 
immersion in tris buffered electrolyte (TE) solution for 14 days (b). The surface 
before immersion shows very smooth texture and after 14 days of immersion large 
holes were formed where CaP containing material had formed in the holes. The main 
problem with such technique was that the BG particles were encapsulated (Figure 
2.6) by the polymer therefore the formation of HCA layer would be delayed. The 
mechanical properties of these scaffolds were not available.  
2.9.4 Summary 
The main reasons for incorporating a bioactive ceramic phase in the polymer matrix 
are to induce bioactivity and improve mechanical properties. Figure 2.7 [92] shows 
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the elastic modulus and compressive strength of degradable polymers, bioactive 
ceramics, composites and human cortical and cancellous bone. The bioactive sol-gel 
glasses scaffolds fabricated by Jones et al. labelled 70S30C on Figure 2.7 are the 
only single phase glass scaffolds to have compressive strength and elastic modulus 
similar to cancellous bone, but are quite brittle. From Figure 2.7 it is clear that the 
compressive strengths of macroporous composite scaffolds are an order of magnitude 
lower than that of cancellous bone, except that of the PLLA/TCP composite scaffolds 
fabricated by Xiong et al. However, they are also at the lower end of the compressive 
strength and elastic modulus. The lower strength of the composites is mainly due to 
the very weak interfacial bonding between the inorganic and polymer and the use of 
low fractions of the inorganic phase.  
A conventional composite requires the ceramic phase to be embedded in the polymer 
matrix to increase toughness and strength, this strategy brings about two problems: 
1. the ceramic phase is enveloped in the polymer (Figure 2.3) therefore the 
formation of carbonated hydroxy apatite and release of reactive ions are 
delayed; and 
2. after the sudden and fast resorption of the polymer matrix the ceramic phase 
which exists as particles or fibres will be left without any support in the 
implantation area. Therefore a new strategy is needed. 
Figure 2.6.  Micro-sphere of the BG/PLGA scaffold before (a) immersion in TE 
solution and after (B) immersion in TE for 14 days, after Yao et al. [101]. 
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Bone is a nano composite of organic phase collagen and inorganic phase hydroxy 
carbonate apatite, therefore the combining a ceramic with a polymer at the nanoscale 
would mimic bone closely and overcome the problems with conventional 
composites.  
2.10 Nanocomposites for bone tissue regeneration 
A nanocomposite is defined as a material which has at least one of its phases having 
dimensions smaller than 100 nm. Composite production by the reaction of polymers 
and ceramics at the molecular level enables the production of a nanoscale composite; 
this type of composite is called a nanocomposite or a hybrid. The term hybrid is 
reserved for a nanocomposite which has nanoscale phase separation that is also 
produced via the sol-gel route. Bone is a natural nanocomposite and production 
methods which aim to mimic it have the challenge of matching its hierarchical 
structure (Figure 2.1).  
Generally, the properties of a conventional composite are the sum of the properties of 
the individual phases. But, in a nanocomposite a synergy of properties can be found. 
The reasons for this synergy are mainly due to the nanoscale integration of the 
*
70S30C
Figure 2.7. Elastic modulus vs. compressive strength of biodegradable polymers, 
bioactive ceramics and composites. Porosities of the porous scaffolds are >75%, after 
Rezwan et al. [92].  
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different phases [102]. This results in higher interfacial bonding and therefore 
improved mechanical properties in both compressive and tensile loading. Another 
advantage of a nanocomposite is that once implanted both inorganic and organic 
phases will be in contact with the physiological fluids. Therefore there is potential 
for the whole scaffold to resorb at the same rate and also for the resorption rate be 
adjusted to achieve maximum benefit. Cells should also come into contact with both 
phases as they attach to the surface. 
Constructs have been fabricated with micro and nano scale architectures using 
solvent casting [103], self-assembly methods [96] and sol-gel [104, 105]. The solvent 
casting technique was employed to produce films with nano-particles of Bioglass® 
(BG) and poly (3hydroxybutyrate) (P3HB) polymer. The polymer P3HB also 
belongs to the family of polyester, therefore the disadvantages associated with the 
polyesters will also be present for this polymer. The P3HB will undergo bulk 
hydrolysis degradation even though it is regarded as slower degrading polymer than 
the PLA and PGA polymers. Another disadvantage of this technique is that the 
amount of inorganic particle loading in the nanocomposite can not exceed that of 
polymer since the polymer is required to hold the inorganic in place. This therefore 
limits the compressive strength and elastic modulus that can be achieved for the 
scaffolds using this method.  
Solvent based fabrications are the only techniques which allow fabrication of a 
nanocomposite with one step using a bottom up approach. Bottom up means that 
both the glass and polymer networks can be built up from monomers. All other 
fabrication routes rely on a multiple step process where one of the phases is 
fabricated first and then added to the second phase. For example; inorganic/organic 
nanocomposite scaffolds have been fabricated using the electrospinning route 
employing both a one step sol-gel route [106] and a two step route [107]. In the one 
step sol-gel route the monomers of both the organic and the inorganic phases were 
dissolved in a solvent and allowed to polymerise, independently or interactively, this 
was then electrospun [106]. The two step route first fabricated the inorganic 
nanoparticles with a high temperature process [108]. The nano particles were then 
dispersed in a suspension with the polymer which was electrospun [107]. One 
disadvantage to the electrospinning technique is that it can not be used to produce 
large scaffolds and the 3D nature of the electrospun scaffolds is debatable. Often, 
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films and meshes of material with small pores but high porosity can be produced 
with electrospinning.  
So far, sol-gel foaming is the only technique which has demonstrated the potential of 
producing constructs with properties similar to human bone [109]. The sol-gel 
technique is an extension of solvent based fabrication where the solvent composing 
of organic and inorganic are mixed and then gelled. The section below focuses on the 
sol-gel technique for mimicking the hierarchical structure of human trabecular bone.  
2.10.1 Sol-gel hybrids 
Recently for the past 15 to 20 years, the sol-gel method has been used to fabricate 
organic/inorganic hybrids [36, 102, 105, 110-119]. These hybrids are sometimes 
described as di or biphasic materials where an inorganic ‘solid’ network and organic 
‘liquid’ network interact at the nanoscale. These hybrid systems are also called 
ormocer, ormosils and creamer. No hybrid systems have successfully been developed 
for scaffold applications. 
2.10.2 Sol-gel class I and II hybrids 
The different types of interfacial bonding present between the organic and the 
inorganic phase is used to classify the hybrids as either class I or class II [120]. In 
class I, the weak bonding between the phases can be Van der Waals’ forces, 
hydrogen bonding and/or ionic bonding. In class II hybrids the phases are strongly 
bonded to each other through covalent or ionic-covalent bonds. The strong covalent 
bonding between the silica network and the polymer matrix is achieved by modifying 
the end-groups of the polymer to accommodate a -Si(OH)3 group. 
The type of bonding between the organic and inorganic strongly influences the 
microstructure, mechanical properties and degradation rate of the composite. The 
stronger covalent bonding has been found to give enhanced compressive properties 
[114] and more homogeneous distribution of the different phases giving rise to 
smoother and denser microstructure [121, 122].  
The synthesis of class II hybrids requires a chemically modified polymer which can 
covalently bond to the inorganic phase or the inorganic phase that has functional 
groups which can covalently bond to the polymer. Figure 2.8 adopted from [111] 
illustrates the three different routes that the synthesis of a class II hybrid can follow. 
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The circles represent the inorganic structure, the sinuous lines represent the organic 
chains.  
1. The formation of the hybrid through the hydrolysis and condensation of the 
E(OR)mY, in which Y is an organic polymer which is covalently bonded to 
more than 1 of the E(OR)m units. 
2. The formation of the inorganic building blocks (silica clusters or colloidal 
particles) first. The inorganic clusters are crosslinked by the reactions of the 
organic functional group A on the organic polymer. 
3. Formation of the hybrid network through the in situ reactions of both 
inorganic and the organic. 
Organosilanes 
The route most often used is the functionalisation of the organic and the most 
preferred method of functionalising the polymer is by reacting it with an 
organosilane. The organosilane is a group of solvents which has two functional 
groups [111, 123]. R’nSiR(4-n), where the R’ represents the organofunctional group 
which reacts with the organic polymer and the R represents alkoxy moieties, such as 
Si(OR)3
(OR)3Si
Si(OR)3
SiO2
SiO2
SiO2
SiO2
SiO2
SiO2
(OR)3Si
(i)
(iii)
(ii)
 
Figure 2.8.  Illustration of the different possibilities of preparing 
organic/inorganic hybrids, after [111] 
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methoxy or ethoxy which can hydrolyse and condense with the inorganic silica in a 
sol-gel reaction.  
Organosilanes with many different R’ groups are present but each have a specific 
reactivity to the functional groups of the polymer in the hybrid. The most commonly 
used organosilanes are glycidoxypropyl trimethoxysilane (GPTMS), 
isocyanatopropyl triethoxysilane (ICPTS) and aminopropyl triethoxysilane (APTES). 
The R’ groups in these organosilanes are epoxy (
O
CH CH2) in GPTMS, isocyanate 
( CN O) in ICPTS and amine ( NH2) in APTES. GPTMS is often used for polymers 
which have carboxylic acid functional groups to form an ester linkage. When there 
are –OH functional groups on the polymer, the organosilanes ICPTS and APTES are 
preferred [124]. The organosilanes GPTMS and ICPTS are found to have no severe 
influence on the inorganic network formation and the network structure [125], but 
the –NH2 in APTES is strongly basic and was shown to have large influence on the 
network structure of the organic/inorganic hybrids [126]. This was due to the H-
bonding ability of the APTES in comparison to GPTMS and ICPTS.  
2.10.3 Sol-gel class I and class II biohybrids 
Much work has been done on the hybrids of both classes to fabricate materials for 
several applications ranging from material coatings to bio-sensors. However, only in 
the past 10 years people have started applying the sol-gel technique to produce 
hybrids to mimic bone. The fabrication of a biohybrid involves overcoming several 
challenges: 
1. choice of polymer 
2. integration of organic/inorganic  
3. incorporation of calcium  
4. removal of solvent at low temperature 
5. scaffold production 
The sol-gel technique has been used by many researchers to produce hybrid materials 
for tissue engineering with hydrogen/covalent interfacial bonds and high fractions of 
ceramic phases [104, 105]. The organic polymers used in these hybrids systems were 
PCL [117, 122, 127-132], gelatin (denatured form of collagen) [133-135], chitosan 
[136, 137], PLGA [138, 139], poly (2-hydroxyethyl acrylate) (PHEA) [140] PVA 
[109, 141] and Poly(methyl methacrylate) (PMMA) [142]. Poly (dimethoxy silane) 
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(PDMS) [114, 143, 144] has also been used as the polymer phase to make hybrids, 
however this cannot be termed as an organic/inorganic hybrid since PDMS is a 
silicon based polymer where -Si-O-Si- forms the backbone of the polymer chain 
therefore is a silane polymer.  
All but that of Pereira et al. [109], Hernandez et al. [140] and Ren et al. [135] 
reported the production of a monolith hybrid material. Both Pereira et al. and 
Hernandez et al. synthesised class I hybrids foams, while Ren et al. fabricated class 
II hybrid foams. Although the inorganic particles masking problem in the 
conventional composites has been successfully addressed by most of the hybrid 
systems, other problems are still not addressed. These problems are as a result of the 
following: 
1. The wrong choice of polymer, this has been covered in section 2.9.2. 
2. Low Mw of polymer gives faster degradation as well as low tensile and 
toughness properties.  
3. The organic/inorganic interaction (bonding between the organic and 
inorganic) has influence over the degradation, homogeneity and mechanical 
properties of the hybrid system.  
4. The incorporation of calcium and the choice of calcium precursor influences 
HCA formation and cytotoxicity of the hybrids systems. First of all, hybrid 
systems that do not contain calcium can not be regarded as bioactive unless 
other constituents of the hybrid induce HCA formation. Secondly, the wrong 
calcium precursor will result in hybrids that are toxic to cells. The two most 
commonly used precursors of calcium are calcium chloride (CaCl2) and 
calcium nitrate (Ca(NO3)2). The by-products of these two salts are Cl- and 
NO3-, respectively. Large amounts of the nitrate by products are known to be 
toxic to cells.  
5. The solvents and unreacted reactants need to be removed from the final 
product to ensure no toxicity to cells. 
The following sections review the different hybrid systems in more detail. 
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2.10.4 Class I 
PVA hybrid foams 
Pereira et al. used the sol-gel technique and vigorous agitation to produce 
macroporous hybrid scaffolds [109]. A non-biodegradable polymer poly vinylalcohol 
(PVA) with molecular weight (Mw) of 16,000 Daltons was used with a bioactive 
inorganic phase of 70S30C composition, where the calcium source was CaCl2. They 
did not provide evidence on the nanostructure of the hybrid but suggested that the 
hydroxyl groups in the polymer would form hydrogen bonds and eventually 
condense with the Si-OH groups of the inorganic. They demonstrated that the 
hybrids were much tougher than the glass alone and that the strain to failure for the 
hybrids was between 6 to 8 %. This is a special circumstance where a non-
degradable polymer has been used to toughen inorganic glass, but the molecular 
weight of the polymer was kept below that which can easily be excreted by the 
kidney. The polymer was chosen because it is water soluble and therefore could be 
easily incorporated into the sol-gel process. You et al. also used the polymer PVA to 
make monoliths of PVA/(SiO2+CaO) class I hybrids with Ca(NO3)2 as the calcium 
source, which showed apatite formed within 20 h of immersion in SBF [141]. 
However PVA which had Mw of 86,000 was used which will not be excreted by the 
kidney, therefore making it a nonresorbable material. Only a monolith of the hybrid 
was produced and Ca(NO3)2 was used as the calcium source, which gives rise to 
toxicity. 
PHEA hybrid foam  
Hernandez et al. [140] used the sol-gel technique for the fabrication of poly (2-
hydroxyethyl acrylate) (PHEA)/SiO2 by mixing monomers of 2-hydroxyethyl 
acrylate (HEA) with TEOS. The mixture was then poured into a polyamide-6 
porogen template and heated to 60 and 90°C. The HEA monomers were free 
radically polymerised while the TEOS hydrolysed and condensed with water and 
HCl. After the polymerisation the porogen was dissolved in nitric acid. They showed 
that the inorganic formed a continuous silica network in the scaffold by pyrolysis. 
After the polymer was burnt out, the scaffold shrank but kept its original shape. They 
also showed that the inorganic phase was composed of nano particles of silica which 
were bonded together. The micrographs in Figure 2.9 show the SEM images of the 
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scaffold before (a) and after (b) pyrolysis. Before pyrolysis the scaffold surface 
seems to be smoother and after pyrolysis becomes rougher. This indicates that before 
pyrolysis the scaffold was covered by the polymer phase and after burning the 
polymer the silica phase becomes exposed. It can be concluded from this that the 
inorganic forms first in the synthesis and the organic deposits on top of it. This is a 
major disadvantage of this scaffold as the polymer would prevent the silica phase 
from being exposed to the physiological fluid after implantation.  
2.10.5 Class II  
PDMS hybrid monolith  
Chen et al. used PDMS with Mw 1100 to make a class II hybrid containing CaO-
SiO2-TiO2 inorganic [144]. PDMS was used because it can covalently link to silica, 
but its monomers are toxic. They showed that the apatite formation took 3 days on 
samples with PDMS content below 10 mol%, while PDMS > 15 mol% took more 
than 28 days to form apatite. They also observed that with increasing PDMS content 
from 6.9 to 14.8 mol% the strain to failure increased from 2.5 to 18 %, but the 
bending strength decreased from 16 to 3 MPa. Doubling PDMS mol% increased 
strain to failure by a factor of 7 and decreased bending strength by a factor of 5. 
Disadvantages associated with this hybrids system was that the PDMS has a very 
slow degradation rate and the Ca was incorporated as a Ca(NO3)2 which has toxic 
NO3- by-products.  
100 μm
(a) (b)
Figure 2.9.  SEM images of the PHEA/silica scaffold before (a) and after (b) 
pyrolysis, after Hernandez et al. [140]. 
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Gelatin hybrid foams 
Ren et al. used GPTMS as the organosilane which was reacted with gelatin under 
acidic conditions at 40°C, this was then poured in a container and left to gel at 40°C. 
They varied the amounts of the GPTMS from 10 – 90 wt% of the total mass of the 
hybrid. At the 10 wt% GPTMS they found that the sol did not gel, however it 
remained a homogeneous solution. After increasing the GPTMS to 33 wt% the gelled 
hybrid was yellowish and transparent and took 120 h to gel. At GPTMS ratio of 
67 wt% the gel turned white and translucent and gelling took 48 h. The 91 wt% 
GPTMS sol did not gel and became heterogeneous solution. The gelled hybrids were 
then dried at 60°C for 7 days [135].  
The authors did not report the appearance of the hybrids after the drying process. The 
drying would introduce nano or meso pores and induce phase separation due to 
removal of the solvents. The pores and phase separation could reduce optical clarity 
of the dried hybrids. Often when a solvent is present in the pores the light rays are 
not diffracted but once the solvents are evaporated due to the difference between in 
the refractive index of the material and air the light will be diffracted leading to loss 
of optical clarity. The phase separation also works in the same manner to reduce 
optical clarity, as the solvent is evaporated the polymer phase could aggregate into a 
large enough size which can diffract light. This is often quoted as 400 nm which is 
the starting wavelength of light that is visible to human eye.  
Ren et al. also synthesised scaffolds by the freeze drying technique [135]. They also 
reported synthesis of scaffolds that contain Ca(NO3)2 which were found to form 
HCA after immersion for 1 days in SBF. The toxicity of NO3- by products of 
Ca(NO3)2 was not found in their cell studies on the scaffolds which contained 
calcium. They reported enhanced cellular activity on calcium containing scaffold to 
the calcium free scaffolds [135].  
The authors did not report the compressive strengths of the scaffold; it is however 
expected to be low due to the low mass percentage of inorganic silica in the hybrid. 
The hybrids created by Ren et al. also gave rise to a polymeric matrix [133], which 
means the scaffold would not be able to withstand high compressive loads.  
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Chitosan hybrid monolith 
Rhee et al. used chitosan with ICPTS and Ca(NO3)2 to fabricate class II monolith 
hybrids [136]. The reaction between chitosan and ICPTS was performed in 
dimethylformamide (DMF) at 70°C for 4 h, following this the ICPTS which bonds to 
the -OH functionality of the polymer was precipitated in methanol. The precipitates 
were freeze dried and added to a solution containing calcium nitrate and hydrochloric 
acid. The acid catalysed hydrolysis and condensation reactions were allowed to go 
for 1 week at 60°C.  
The hybrid monolith was found to be bioactive and formed HCA on its surface 
within 1 week of immersion in SBF. There are two disadvantages associated with 
this hybrid system. First, the silicon is being mainly utilised as the crosslinking 
material rather than the strengthening material, therefore the compressive properties 
of the hybrids system will be poor. Second, the calcium was introduced as calcium 
nitrate which has toxic nitrate products. 
PLGA hybrid monolith 
Rhee et al. synthesised class II PLGA/ICPTS hybrid monoliths which contained 
Ca(NO3)2 [138]. The hybrid monoliths were synthesised in the same way as the 
chitosan/ICPTS/Ca(NO3)2 were made. PLGA has two –OH groups per a polymer 
chain therefore the covalent coupling by ICPTS will be low, in order to get high 
degree of ICPTS coupling short chains of PLGA has to be used which means the 
hybrid will have low Mw polymer. They studied the influence of acid degradation 
products of two copolymers of PLGA on the apatite forming ability of the hybrids. 
The two copolymers contained low (90PLA10PGA) and high (50PLA50PGA) 
degradable PLGA, where PLA undergoes slow degradation compared to PGA. The 
PLA, PGA and PLGA polymers are known to undergo bulk degradation auto-
catalysed by the acid degradation products lactic and glycolic acids of the polymer. 
The acid products released into SBF lowered the pH of SBF which in turn hindered 
HCA formation. The slow degrading 90PLA10PGA formed HCA in 3 days of 
incubation in SBF. The hybrid with fast degrading 50PLA50PGA polymer did not 
form HCA even after 28 days of incubation. They observed the SBF pH of this 
hybrid to decrease to below 4. They therefore concluded that the acid degrading 
products from 50PLA50PGA polymer hindered the formation of HCA.  
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As with all the class II hybrids discussed above this too also has a polymeric matrix 
which will yield in poor compressive properties. The nitrate by-products from using 
calcium nitrate also present a problem. 
Maeda et al. synthesised highly flexible PLLA/APTES membranes which also 
contained calcium in the form of calcium carbonate [139]. The –OH end groups of 
the PLLA were converted to carboxylic acid groups which then reacted with the 
amine group in APTES. Fine particles of calcium carbonate were added to the 
reaction mixture. The fact that the calcium was added as sub micron sized particles 
of calcium carbonate this monolith can not be termed a hybrid. The membranes 
formed HCA within 3 days of immersion in SBF.  
PMMA hybrid monoliths 
All the class II hybrid systems discussed above were made with the 
organofunctionalised polymer alone therefore the inorganic loading was limited to 
the amount of the organofuncional group present in the hybrid. This leads to an 
organic matrix which has poor compressive properties. Rhee et al. in a PMMA/SiO2 
hybrid system was able to increase the elastic modulus of the hybrid by incorporating 
large amounts of the inorganic phase by the addition of TEOS to the functionalised 
polymer. Apart from being a hybrid that was class II and highly loaded with 
inorganic phase they added another novelty to it by fabricating the silane 
functionalised polymer from the monomers 3-(trimethoxysilyl)propyl methacrylate 
and methyl methacrylate. Therefore both the inorganic as well as the organic were 
built up form the molecules of monomers. However, there are two downsides to this 
hybrid system; it does not contain any calcium and the organic polymer PMMA is 
not biodegradable. Therefore a limitation on the maximum length of PMMA chain 
exists where it has to be small enough to pass through the kidneys. This will effect 
the toughness of the hybrid.  
PCL hybrid monolith  
Poly (caprolactone) (PCL) has been the popular choice of the different polymers 
used; approximately 40 % of the published literature on biohybrids were with PCL as 
organic phase [117, 122, 128-132, 145]. PCL is bioresorbable but insoluble in water. 
However it can be modified to covalently bond to the silica network by silanating 
OH endcapped chains with ICPTS. Two disadvantages of PCL forces the use of low 
 59 
Mw PCL in hybrids. One, it has just two –OH groups per chain and these are at the 
ends of the chains; therefore to have sufficient amounts of coupling between the 
organic and inorganic small chains (i.e., low Mw) of PCL has to be used. The other 
disadvantage is that PCL has low bioresorption therefore the resorption rate of the 
hybrids is controlled by the amount of PCL present and its chain length [146]. To 
produce a scaffold with biodegradation time similar to the healing time of the tissue a 
scaffold should have a small amount of PCL and low Mw. Therefore a compromise is 
made on the toughness of the hybrid by using smaller percentage of PCL and low 
Mw. However, Rhee et al. has produced monoliths of 60 wt% PCL and 40 wt% 
inorganic (calcium containing SiO2) which forms HCA after 1 week immersion in 
SBF [127]. They also performed tensile tests which gave tensile strength and elastic 
modulus of 20 and 600 MPa, which is in the range of human trabecular bone. They 
also showed that the monoliths had 50 % elongation before fracture. However, they 
did not give any compressive properties and from their Si ion release data it seems 
the hybrids have extremely slow resorption rate. These scaffolds were also 
synthesised with Ca(NO3)2 as the calcium precursor. 
2.10.6 Summary 
None of the hybrids alone have been able to combine the organic and inorganic 
phases to form successful nanocomposite foams that mimic human trabecular bone. 
Only a few hybrid foams have been synthesised, others were hybrid monoliths. The 
PCL/inorganic monoliths by Rhee et al. [145] showed good tensile and fracture 
behaviour and formed apatite after 1 week incubation in SBF. However, the 
resorption rate seemed poor and compressive properties were not reported. The 
polymer choice has been the main factor contributing to the downsides of all the 
hybrids. The choice of polymer determines the possibility and extent of 
organic/inorganic crosslinking and so the homogeneity, degradation rate and 
mechanical properties.  
This thesis will attempt to solve these issues by employing poly(γ−glutamic acid) 
(γ−PGA) as the polymer, an organosilane as the organic/inorganic crosslinker and 
calcium chloride as the calcium source. Two aspects are critical to the success of the 
hybrid, the homogeneity and continuity of the organic and inorganic phases in the 
hybrid system. Both these influences the mechanical properties and degradation. The 
challenges that need to be overcome are:  
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1. establish the correct amount of organic/inorganic wt%; 
2. to achieve sufficient amount of crosslinking; 
3. calcium addition; and  
4. introducing interconnected macropores. 
2.10.7 Poly(γ−glutamic acid) (γ−PGA) 
γ−PGA polymer is bacterial synthesised by the Bascillus subtilis and Bascillus 
lichenformis strain [7, 147, 148]. The chemical structure of γ−PGA is shown in 
Figure 2.10, the repeating units of γ−PGA are bonded through the α−amino and 
γ−carboxylic acids groups. γ−PGA has been produced with water soluble and semi-
crystalline forms and hydrogen bonded to form the α − helical, β − sheet and random 
coil secondary structures [149]. The different bacteria used produces the different 
forms of the γ−PGA [150]. This influences the secondary structure of γ−PGA and 
hence its properties. There is however some confusion on the solubility in water, 
generally, the amorphous form of the γ−PGA is claimed to be water soluble [151].  
The polymer is biodegradable, edible and non-toxic therefore has found applications 
in the water and waste management and food, medical and cosmetic industries [148]. 
The γ−PGA is known to undergo hydrolysis and degradation by enzyme action [7, 
152]. Fan et al. studied the degradation of γ−PGA with three commercially available 
enzymes [152]. The three enzymes chosen belonged to three different protease 
families, the cathepsin B belonged to cysteine protease, enzyme trypsin is a member 
of serine protease and the third enzyme is a pronase E [152]. They found that the Mn 
of the γ−PGA halved from 150 000 to ~ 75 000 after 10 days and maintained a 
constant Mn until end of testing which was 30 days.  
The carboxylic side group on the polymer is a major advantage of the γ−PGA which 
allows convenient modification of the polymer. Reports have also been published 
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Figure 2.10.  Chemical structure of bacterial synthesised γ−PGA.  
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which show that the glutamic acid-rich sequences in the collagen molecules provide 
nucleation sites for the hydroxyapatite mineral phase in bone [153, 154]. This 
suggests that the γ−PGA could play a positive role in hydroxyapatite formation on 
the bone tissue regeneration construct after implantation. 
Although γ−PGA has been used in many applications only two research groups have 
employed it as a potential material for tissue regeneration. Sugino et al. have used 
crosslinked γ−PGA treated with calcium chloride solution to deposit hydroxyapatite 
on the polymer from a SBF solution to create an organic/inorganic hybrid [155]. 
They have not produced porous scaffolds with this technique and have also not 
demonstrated mechanical properties similar to human cancellous bone. Matsusaki et 
al. used the sulfonated form of γ−PGA to fabricate hydrogels that supported and 
sustained controlled release of fibroblast growth factor-2 for neovascular treatment 
for ischemia and inflammation [156, 157].  
2.11 Scaffold structural characterisation 
2.11.1 Introduction 
Whatever scaffold is chosen, it must be characterised from atomic to macro level in 
order to optimise it. The following parameters are needed to be assessed to quantify 
whether the scaffold has suitable pore network for cell seeding and proliferation 
therefore determine whether the scaffold is successful or not [158]: 
1. porosity – Freed et al. reported that the recommended porosity of 90 % for 
optimum diffusive transport within a cell-scaffold construct under in vitro 
condition [159]. Although this is the case an extremely porous scaffold may 
still have few interconnections between the pores or large number of small 
interconnects [160], therefore percentage porosity is not enough to assess the 
quality of a scaffold.  
2. pore and interconnect size – it has been accepted that the minimum 
interconnect size required for vascularised bone growth is 100 μm [161].  
3. strut thickness and strut density – this is of importance since it will have 
major influence over the mechanical property of the scaffold. Therefore the 
strut thickness and strut density needs to be quantified to optimise the 
mechanical property of the scaffold.  
 62 
4. permeability – permeability is a quantitative descriptor of the ease of flow 
fluid within the scaffold. The above parameters porosity, pore size, 
interconnects size and anisotropy all affects the permeability of the scaffold. 
The extent of interconnectivity and the interconnect sizes have the biggest 
impact of all these parameters on the permeability.  
Fully quantifying these parameters are important to optimise the scaffolds to mimic 
human trabecular bone. The following sections look at the techniques that are used to 
characterise the scaffolds. 
2.11.2 Analysis techniques used 
The techniques that are often used for the characterisation of porous materials [158]:  
1. theoretical calculations 
2. scanning electron microscopy (SEM) 
3. mercury and flow porosimetry 
4. gas pycnometry – used for measurement of scaffold volume 
5. gas adsorption and 
6. micro computed tomography (μCT).  
It is desirable to have a single technique which would allow all the above parameters 
to be calculated non-destructively in a natural environment. μCT has the potential to 
do this.  
Theoretical methods 
Theoretical methods are used to predict percentage porosity. The one that will be of 
use with the sol-gel foamed scaffolds is the apparent porosity determined via the 
mass technique [162]. 
%P = 1-(ρb/ρs)        (2.3) 
where ρb is the bulk density and ρs is the skeletal density. 
Scanning Electron Microscopy 
SEM analysis only allows for direct 2D measurements of the scaffold pore, 
interconnect and strut sizes [158], however is dependent on the fracture plane. All 
other parameters can only be qualitatively described. Specimen preparation by 
carbon or gold coatings is often required. In order to examine the internal structure of 
scaffold physical sectioning is required. Therefore is destructive and also the sample 
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cannot be analysed in natural environment the sample chamber has to evacuated 
before any analysis can be done. 
Mercury Intrusion Porosimetry (MIP) 
Mercury porosimetry can be used to measure the pore size distribution, pore volume, 
porosity, bulk density and the specific surface area to volume of the scaffold can also 
be derived [158, 163]. Mercury is intruded into the samples as a function of pressure, 
therefore, the technique is destructive. 
The pore diameter detection range is of the order of 3.5 nm to 500 μm [163]. 
Mercury porosimetry makes use of the Washburn equation (equation 2.4) and 
assumes that the pores are spherical [163]. This means that the parameters such as 
pore diameter are calculated from a model and so is not an exact measurement of 
pore diameter. 
ΔP = (γMer cos θ) / Dpore      (2.4) 
where, ΔP is the change pressure, D is the pore diameter, γMer is the surface tension 
of mercury (is 480 dyne cm-1) and the contact angle θ is 140°. 
The disadvantages of mercury porosimetry include: 
1. that it is destructive to the scaffold; 
2. the possibility of sample collapsing and/or compression of sample under high 
pressures; 
3. the closed pores are not intruded;  
4. no shape information is gained; and 
5. the mercury porosimetry only measures the openings towards a pore and 
therefore the final distribution is not really of the pore size [163]. 
The assumptions used and the errors associated with the assumptions allow mercury 
porosimetry to be used only for comparative studies.  
Gas adsorption 
Gas adsorption can be used to calculate the total surface area and the micro (< 2 nm) 
and meso (2 – 50 nm) pore size distribution of scaffolds [158]. The mesopore and 
micropore shapes can also be estimated from gas adsorption. As with MIP a model is 
applied to calculate the mesopore size distribution.  
 64 
2.11.3 X-ray Micro-ComputedTomography (μCT) 
Background  
The word tomography is taken from the Greek word tomos for ‘slice’ and graphy is 
‘to write’. None of the above techniques are able to quantify the internal 3D scaffold 
structure non-destructively in their natural environment. So far μCT is the only 
technique that is capable of doing this. The X-ray was first discovered by Röntgen 
who used it to produce radiological images [164]. Computed tomography works by 
the 3 dimensional reconstructions of these radiographs. Many users have used μCT 
to image and qualitatively assess scaffolds. Only recently has quantification been 
possible. 
Contrast and Resolution 
The terms contrast and resolution are of importance when dealing with X-ray 
computed tomography. Contrast is defined as the ratio of difference in signal 
between the object and background to signal of background. Visually, the higher the 
contrast the better the distinction between the object and the neighbouring 
background. 
contrast = (If – Ib)/Ib       (2.5) 
where, I is the attenuated X-ray intensity and subscripts f and b are feature and 
background respectively. The resolution is the smallest distance between two parallel 
lines or points that can be resolved as two different entities [164].  
X-ray interaction with materials 
X-rays interact with materials on the atomic level. When an object is exposed to 
X-ray the following are most likely to take place: 
1. Photoelectric effect: the absorption of the X-ray by electron and as a result 
the electron is released from the atom. 
2. Compton scattering: partial absorption of the X-ray by the electrons in an 
atom, therefore the energy of the incident X-ray is decreased and it is re-
orientated from original direction. 
3. Pair production: X-ray interacts with the atomic nucleus to from a positron 
and an electron. 
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The radiograph is a map of the transmitted X-rays through an object. The intensity of 
the transmitted X-ray is related to the incident X-ray intensity by the following 
equation [164]; 
I = I0 exp ((-μ/ρ)ρx)      (2.6) 
where, I0 is the intensity of the incident X-ray, x the distance the incident X-ray had 
to travel through the object, ρ is the density of the object and μ the linear attenuation 
coefficient of the object. The term μ/ρ is the mass attenuation coefficient of the 
object and the equation can be rewritten as  
(μ/ρ)=(ρx)-1 ln (I/I0)       (2.7) 
Therefore, the mass attenuation coefficient is a function of the intensity of the 
incident X-ray, the density and the thickness of the object. The term ρx is the mass 
density of the object. An object made up of different constituents, which has 
differing mass densities will attenuate the incident radiation accordingly to form a 
radiograph. 
CT and μCT 
The arrival of digital computers presented the possibility of using radiological 
images to construct 3D images. Hounsfield developed the first commercial computed 
tomography for use in medical imaging in 1968 [165].  
X-ray computed tomography is limited in the sense that most systems cannot achieve 
resolutions higher than 50 μm [166]. This is due to the large size of the object being 
scanned (in medical and industrial scanners where examination of animals and 
assemblies are performed, respectively) and the fact that high energy deep 
penetrating X-rays cannot be used in the case of living tissue. This also limits the 
time for acquiring X-ray radiographs to minimise the radiation damage. Three 
dimensional characterisation of microstructure of materials and small animals drove 
the development of tomographic scanners that are capable of producing very high 
resolutions (of the order of 20 μm to 2 μm resolution [166]). The study of objects at 
these resolutions was termed as the X-ray ‘microcomputed’ tomography.  
Main components used in μCT instruments 
All μCT setups consist of an X-ray source and a detector with an object that is being 
scanned in between them. In the case of μCT the object sits on a rotating stage while 
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scanning takes place, whereas in a medical CT the source and the detector rotate 
around the object. The detectors that are used in the acquisition of large volumetric 
data are of one or two dimensional. There are two main beam modes that are 
currently used to attain two dimensional radiographs for μCT. These are the parallel 
beam and cone beam geometries. There are two other modes that are not used as 
much due to their disadvantage of large acquiring times, these are the pencil and fan 
beam modes. Both synchrotron and polychromatic sources can be used with pencil 
and fan beam modes. The disadvantage associated with both of these acquiring 
techniques is that they require very long time to scan a 3D volume, this is because 
they have to scan a slice at a time. The parallel beam geometry is mainly used with a 
synchrotron radiation source and the cone beam geometry is used with micro or nano 
focus X-ray sources. 
Influence of X-ray source 
The type of X-ray and the energy used is important because it determines three main 
things about the quality of radiographs that are achieved [167]. First, the energy of 
X-ray determines the penetration of an object; i.e., the amount of X-rays that are 
transmitted for good contrast. Secondly, for longer wavelengths or low energy X-ray 
the photoelectric effect and Compton scattering are dominant therefore low 
penetration depths are achieved. Lastly, if high energy X-ray is used, the 
photoelectric and scattering effects are small, but on the other hand the difference in 
the attenuation between low and high dense matter within an object would be less 
therefore the contrast in image is reduced. It is therefore necessary to choose X-ray 
energy where a balance is maintained between the opposing requirements of high 
contrast and relative freedom from scatter. The choice in an individual case will 
depend on the nature of the object and the purpose of the radiographic test. 
2.11.4 Application of μCT for quantification of open porous 
structures  
Feldkamp et al. was the first to use micro CT to study the 3D structure of human 
trabecular bone [168]. With the development of advanced computer technology and 
lab based micro CT systems; micro CT has become a fast and effective tool for non-
destructive investigation of the internal structure of materials. The digital image 
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produced after the scan can be used to calculate several properties of the material 
(Table 2.5).  
Three-dimensional imaging allows a close up view of any specific location, thus the 
observation of pore shape and the measurement of individual pore size, pore 
interconnects and strut/wall thickness can be done. But most techniques produce 
scaffolds with a range of pore and interconnect sizes, hence a distribution is required. 
In order to obtain this distribution; measurement has to be done on a large volume of 
the scaffold. There are several standard image processing software available that can 
be used to calculate the pore sizes, given that the pores are separated from each other. 
For the interconnected pores the connections have to be defined in order to calculate 
pore sizes. This was first done by Atwood et al. [169] who characterised the pore and 
interconnect sizes of sol-gel processed macroporous bioactive glass scaffolds. They 
developed a semi-automated technique where the user is required to make two 
inputs. These inputs are the μCT image “threshold value” and “watershed 
parameters”. The threshold is required to define materials as either the pore or the 
solid. The thresholded volume is fed through a routine which creates a 3D distance 
map with the pore centroid identified. A modified version of the watershed algorithm 
developed by Mangan et al. [170] is then applied to the distance map to separate the 
pores. The watershed is analogous to hydrological watersheds partitioning the 
geographical landscape; water collects to form pools in low-lying catchment basins 
with its flow blocked by the ridges. The “watershed parameters” required from the 
user are the values corresponding to the watershed threshold and level. The last 
routine is applied to the watershed map to identify and record the interconnects and 
pores in the μCT volume (More details on the quantification process given in section 
3.2.4).  
Others have attempted to quantify the pore network [171, 172]. Both Moore et al. 
and Otsuki et al. have calculated the percentage of pore volume open to a range of 
minimum connection sizes. By progressively increasing the minimum connection 
size they were able to get a distribution of accessible pore volume versus minimum 
connection size. This method however does not give the individual pore and 
interconnect sizes as well as the morphology of these pores.  
As shown in Table 2.5 μCT volume can also be used for modelling the flow [173, 
174] and mechanical properties of the scaffold [175, 176].  
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2.11.5 Summary 
MicroCT imaging and the quantification techniques developed are important tools in 
studying the 3D pore network of a porous scaffold. Large information on the 
structure of the scaffolds can be generated non-destructively from μCT. The next 
chapter of this thesis both improves on the prior algorithm developed by Atwood et 
al. [169] and illustrates how this non-destructive technique can be applied to quantify 
pore and interconnect size in 3D for each individual pore and interconnect 
throughout the entire network. The methodology is demonstrated on a sol-gel 
produced bioactive glass scaffold to track changes as a function of processing. The 
methods will later be applied to quantify the new hybrid scaffolds. 
 
Table 2.5. Properties those are relevant to the scaffolds that can be derived from 
various characterisation techniques [158].  
Theoretical 
method
SEM MIP Gas 
pycnometry
Gas 
adsorption
Flow 
porosimetry
μCT
Porosity + Qualitative + + + - +
Surface - - + - - - +
Interconnectivity - Qualitative * - - - +
Pore size - Qualitative * - + + +
Strut/wall - + - - - - +
Anisotropy - Qualitative - - - - +
Cross section area - Qualitative - - - - +
Permeability - - + - - - +
Mechanical - - - - - - +
Other useful 
parameters that can 
be derived
Nil Nil Pore 
tortuosity
Nil Pore shape, 
volume and 
area of 
mesopores 
and 
micropores
Pore shape 
and 
morphology
Other drawbacks Not precise Destructive 
method
Closed 
pores not 
analysed. 
Assumption 
of perfect 
cylindrical 
pores. Toxic 
and 
destructive 
method.
Inaccuracies 
due 
measurement 
of linear 
dimensions. 
Closed pores 
not analysed.
Can be time 
consuming. 
Closed 
pores not 
accounted 
for.
Closed pores 
and blind 
pores not 
taken into 
account. 
Destructive 
since a fully 
wet scaffold is 
required.
Mesopores 
not 
identified.
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3 Optimisation of bioactive glass foam1 
3.1 Introduction 
Whatever porous material is chosen for a bone scaffold application, the 3D porous 
structure must be fully quantified. Bioactive glasses with 3D pore structure similar to 
human trabecular bone has been produced by Jones et al. [22]. They have used SEM 
and mercury intrusion porosimetry (MIP) to characterise the pore network. Both the 
SEM and MIP have their disadvantages. SEM shows the fracture surface of the 
scaffolds therefore only a qualitative measurement of the pore network can be 
ascertained, this too from a small area of the scaffold. The MIP technique measures 
the restrictions to the intrusion of pores (i.e., the interconnects) rather than the pore 
sizes. Both the SEM and MIP are also destructive techniques. 
Jones et al. has also shown that once the scaffolds were sintered to 800°C they had 
higher compressive strength due to the densification of the scaffold walls [59]. They 
also showed that with the aid of MIP the pore size was sufficient for bone tissue 
regeneration. However, since MIP measures the interconnects rather than the pore 
size, μCT has been used in this study to characterise the pore network of the 
scaffolds.  
The aim of this chapter is to non-destructively characterise the pore structure as a 
function of sintering temperature of bioactive glass scaffolds using μCT. Due to the 
non-destructive nature of the μCT technique a single scaffold will be used to study 
the influence of sintering temperature on the 3D pore network.  
This technique will then be applied to newly developed nanocomposite scaffolds in 
Chapter 7. 
                                                 
1 This chapter has been published in Biomaterials [87. Jones J R, Poologasundarampillai G, 
Atwood R C, Bernard D and Lee P D, Non-destructive quantitative 3D analysis for the optimisation of 
tissue scaffolds. Biomaterials, 2007. 28(7): p. 1404-1413. 
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3.2 Materials and method 
3.2.1 Glass foaming 
Bioactive glass foam scaffolds with composition 70 mol% SiO2, 30 mol% CaO 
(70S30C) were prepared as described in [9, 25, 58, 59]. The sol was prepared by first 
mixing nitric acid (catalyst) to water and then adding the silicate precursor tetraethyl 
orthosilicate (TEOS). A molar ratio of water to TEOS of 12:1 was maintained. After 
mixing for 1h calcium nitrate was added to the sol. This was allowed to mix for 
another hour upon which simultaneous hydrolysis and polycondensation took place 
to form the silica network. 50 ml of the sol was foamed with the addition of 1.5 ml of 
5 vol % HF (gellation catalyst) and 0.38 ml of the surfactant Teepol (Thames Mead 
Ltd, London) to stabilise the foamed bubbles. The sulfonated hydrocarbon 
dodecylbenzene sulfonic acid is the main ingredient of Teepol that provides the polar 
and non-polar surface groups for stabilising the foams. As the foamed sol approached 
gelling point it was poured into cylindrical polymethyl propylene moulds with 
dimensions 25 mm internal diameter and 13.5 mm height. The samples were then 
aged at 60°C for 72 h in a sealed environment. These were then opened to 
atmosphere and dried for a total of 94 h at 60°C, 90°C and finally 130°C. The 
samples were then stabilised at 600°C and their bulk densities were measured to be 
0.25 g cm-1. Cube samples with dimensions 8 x 8 x 8 mm3 were cut from the 
stabilised cylindrical samples for mercury intrusion porosimetry (MIP) and micro 
Computed Tomography (μCT).  
3.2.2 Micro-computed tomography 
The effect of sintering temperature on the pore network of the scaffold was assessed 
using μCT. High resolution scans of a single sample were done, first in the as 
stabilised condition (termed S600) and after each sintering stage (sintered at 800°C 
and 1000°C termed S800 and S1000, respectively). The furnace was ramped up to 
the sintering temperature with a heating rate of 10°C per minute and the samples 
were sintered for 2 h, these were then furnace cooled to room temperature. Scans 
were performed using a commercial μCT unit (Phoenix X-ray Systems and Services 
GmbH) with 12.5 and 9.5 μm voxel resolution for the S600 and S800/S1000 
samples, respectively. The μCT unit uses tungsten filament to generate electrons, 
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these are bombarded onto a tungsten coated beryllium window creating 
polychromatic X-rays.  
A second sample was sintered directly to 1000°C and scanned at the same resolution 
in order to check the effect of sintering path.  
3.2.3 Physical characterisation 
Volume, mass and bulk density were measured for the scaffolds sintered at different 
temperatures. Skeletal densities were taken from previous measurements using 
helium pycnometry (Quantachrome) on similar samples. The percentage porosity 
was then calculated using equation 2.3. Mercury intrusion porosimetry (PoreMaster 
33, Quantachrome) was used to obtain interconnect size distributions of scaffolds. 
New samples were used for each different sintering temperatures as the technique is 
destructive.  
3.2.4 Three dimensional image analysis 
Figure 3.1 shows a grey scale image of single two-dimensional slice from the 
reconstructed μCT volume. The pores in the figure are connected to neighbouring 
pores through large interconnects. To quantify the pore sizes the pores in the image 
needed to be classified as individual pores. To achieve this, several mathematical 
morphological operations are performed on the μCT volume. The results of the 
operations are illustrated in Figure 3.1. The theories behind these morphological 
operators are described in more detail in [169]. The quantification process involved 
several steps: 
1. A 3x3x3 median filter is applied to a rectangular μCT volume to remove 
noise and then is threshold, classifying each voxel as either scaffold or empty 
space. 
2. An in-house algorithm was applied to the image to create a distance map. 
This was done with the application of dilation operator, which fills the pores 
in 3D from the scaffold walls at one voxel per run (Figure 3.1(b)). The values 
of the voxel are increased by one at the beginning of each dilation runs. The 
centroids of the pores are identified by the last voxel to fill the pores. 
3. This gives a distance map with the centroids of pores identified. 
4. A three-dimensional watershed algorithm [170] was applied to automatically 
locate interconnects that were narrower than their surroundings, and to divide 
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the image into individual pores (Figure 3.1). Figure 3.1(d) shows the 
identified pores in 3D. 
5. Voxels neighbouring on the same pair of pores were grouped and assigned to 
the same interconnect. 
6. The individual pores and interconnects were then quantified by determining 
their volume and bounding box dimensions, respectively. For the pores the 
equivalent spherical diameter and for the interconnects the diagonal (IBB) of 
the bounding box were calculated (Figure 3.1(f)).  
The watershed algorithm used here as implemented in the Insight Toolkit (ITK, U.S. 
National Library of Medicine, Betheseda MD, USA, www.itk.org) uses the gradient 
descent strategy to group voxels with topologically closest minima [170]. This is 
analogous to hydrological watersheds partitioning the geographical landscape; water 
collects to form pools in low-lying catchment basins with its flow blocked by the 
ridges.  
Figure 3.1. Step by step process of the quantification of 3D pore networks from 
μCT data. (a) 2D slice of raw data, (b) 2D slice showing application of the dilation 
algorithm, (c) 2D representation of pores derived from the watershed algorithm, (d) 
3D image of identified pores, (e) 3D image of the interconnects obtained from the top 
down algorithm, and (f) demonstration of the bounding box method of measuring the 
interconnect length. 
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The diagonal of the interconnect bounding box provides an upper limit of that 
interconnect (IBB in Figure 3.1(f)). To determine if a simple correction factor could 
be applied, the maximum interconnect lengths (IMAX in Figure 3.1(f)) of 30 
interconnects were measured manually, using the Amira2 software package. The 
lengths obtained by the bounding box method (IBB) are compared to these manual 
measurements of actual maximum interconnect length (IMAX) in Figure 3.2. The 
measured values were less by a factor of approximately 1.4 as seen in graph. This 
correction factor is applied to all interconnect results to obtain IMAX before plotting 
the distribution. 
To avoid the inclusion of incomplete pores and spurious regions, the outer regions of 
the samples were ignored. This was standardised by counting only the regions and 
interconnects whose centroids lay within an ellipsoid whose radius was less than 0.9 
times the distance from centre to the edge of the sample.  
                                                 
2 Amira – advanced 3D visualisation and volume modelling commercial software package.  
 
Figure 3.2. Graph of the interconnect length calculated by the bounding box 
versus interconnect length measured individually using the Amira software program.
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3.3 Results and discussion 
Figure 3.3 shows a μCT three-dimensional image of the human trabecular bone (a) 
and bioactive glass scaffold (b). The figure clearly demonstrates the usefulness of the 
μCT as a tool for three-dimensional imaging of scaffolds. The figure shows that there 
are many similarities between the scaffold and the bone. The scaffold has very large 
pores with high number of interconnects with neighbouring pores. Optimisation of 
the scaffold requires the scaffold to maintain the pore network while improving the 
mechanical properties. This can be done by densification of the pore walls. Therefore 
quantification of the change in pore network as a function of temperature is 
important in optimising the scaffold. The geometrical changes due to sintering are 
given in the Table 3.1.  
 
Figure 3.3. X-ray micro computed tomography (μCT) images of (a) human 
trabecular bone, and (b) a typical bioactive glass scaffold produced by the sol-gel 
foaming process. 
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3.3.1 Geometrical characterisation 
Equation 2.3 was used to calculate the percentage porosity of the scaffolds. Table 3.1 
shows the bulk properties for the as stabilised scaffold and after sintering at 800°C 
and 1000°C. The percentage porosity decreased from 92 % to 85 % as Ts increased 
from 600°C to 800°C, but little change occurred after further sintering to 1000°C.  
3.3.2 Non-destructive quantification of pore structure 
The algorithm was applied to a large section of the scaffolds containing more than 
400 pores. First the influence of sintering temperature on the scaffolds is visualised 
in Figure 3.4. Small child volumes containing the same single pore region were taken 
from each of the three different μCT scans. The 3D reconstructions of the pore and 
its interconnects are shown in the figure. It shows that the pore shape is maintained 
but its volume is reduced by increasing the sintering temperature from 600 (Figure 
3.4(a)) to 800°C (Figure 3.4(b)), but only small changes are observed between 
scaffolds sintered at temperatures of 800°C and 1000°C (Figure 3.4(c)). The 
equivalent pore diameter (D) of the pores shown in the figure were 741 μm, 588 μm 
and 590 μm for the S600, S800 and S1000 respectively. The mean length of the 
interconnects were 307 μm, 262 μm and 279 μm for the same samples respectively. 
The equivalent pore sizes and the interconnect lengths were calculated and their 
distributions are plotted in Figures 3.5 and 3.6 as a function of sintering temperature 
(same sample). At each temperature the analysed large volume had more than 400 
complete pores. The modal pore (Dmode) and interconnect size (Imode) for each sample 
is listed in Table 3.2. S600 had a broad distribution with pore diameters from 277 µm 
to 1134 µm, with a Dmode of 743 µm. S800 had a narrower pore size distribution with 
Table 3.1.  The geometrical changes of one scaffold heated to different sintering 
temperatures (Ts). ρb = bulk density. 
Sample Ts Mass %
name Porosity
(°C) (mm) (g)
S600 600 8.05 0.12 0.22 2.89 92.40
S800 800 6.23 0.10 0.41 2.77 85.20
S1000 1000 6.14 0.10 0.43 3.21 86.80
Bulk 
density 
(ρb)
Skeletal 
density*
Sample 
Dimensions
 
*These values were taken from [59] 
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a range between 182 µm and 985 µm, with a Dmode of 561µm. Sintering at 800°C 
reduced the modal pore volume to 43 % of the stabilised scaffold. There was little 
difference in the macropore size distribution (Dmode) between S800 and S1000 
(Figure 3.5).  
Figure 3.6 shows the interconnect length distributions for the same scaffold as a 
function of sintering temperature. S600 had a wide distribution of interconnect 
lengths, ranging from 76.4 µm to 597 µm, with an Imode of 302 µm. After sintering at 
800°C the interconnect range narrowed to between 52.2 µm and 504 µm and Imode 
 
Figure 3.4. 3D μCT images of a single pore (child volume) of (a) S600 (b) S800 
and (c) S1000 and images of the pore and interconnects obtained using the 3D image 
analysis of (d) S600 (e) S800 and (f) S1000. 
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decreased to 214 µm. There was very little change in the interconnect distribution as 
the scaffold was sintered to 1000°C.  
The results of the analysis implied that the scaffold had architecture suitable for 
tissue engineering applications at each sintering temperature, i.e. the modal 
 
Figure 3.5. Pore size distributions of bioactive glass foam scaffolds, obtained from 
the 3D image analysis, as a function of sintering temperature. 
  
Figure 3.6. Interconnect length distributions of bioactive glass foam scaffolds, 
obtained from the 3D image analysis, as a function of final sintering temperature. 
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interconnect size was significantly greater than 100 µm, ranging from 214 µm (S800) 
to 302 µm (S600). 
After sintering at 800°C the bulk density of the scaffold increased by 86 %; it would 
be expected that the interconnects and the pore sizes would decrease in size by an 
equivalent amount, but the modal interconnect diameter decreased by only 29 % 
while that of pores decreased by 25 %. This difference is due to the densification of 
the scaffold struts which occurred at the same time as the bulk shrinkage. Work by 
Jones et al. has shown that the textural mesopores that are present in the scaffold 
reduced to 12 nm in size after sintering at 800°C from an initial size of 17 nm for the 
600°C stabilised scaffold [59].  
Further sintering at the higher temperature of 1000°C has only minor effect on the 
bulk density and pore network. Work by Jones et al. [59] has shown that once heated 
to 1000°C the glass crystallises and loses its mesopores. This results in densification 
of the struts of the scaffold.  
Homogeneity and reproducibility 
The homogeneity of the casting was checked by analysing another identical cube that 
was taken from the same foam. The as stabilised scaffold had a bulk density of 
0.22 g cm-3 and a percentage porosity of 92 %. The pore and interconnect 
distributions of the as stabilised scaffold were almost identical to the previous sample 
(Imode was 302 µm for both). To investigate whether thermal history affects the pore 
network, this second cube was heated directly to 1000°C and rescanned and 
analysed. After sintering, the second scaffold had bulk density of 0.43 g cm-3 and 
percentage porosity of 87 %. The pore and interconnect distributions were almost 
identical to the previous sample (Imode was 214 µm for both). 
Table 3.2.  Summary of pore network characterisation of one scaffold heated to 
different sintering temperatures. Dmode (3D) = modal pore diameter, Imode = modal 
interconnect length. (3D) = from 3D analysis, (Hg) = from mercury porosimetry. 
Sample name D mode (3D) I mode (3D) I mode
* (Hg)
[μm] [μm] [μm]
S600 743 302 469 153
S800 561 214 448 97
S1000 561 214 445 119
# pores 
analysed
 
* These values were obtained on separate samples as the methods were destructive 
 79
3.3.3 Validation 
Figure 3.7 shows the size distribution obtained from mercury intrusion porosimetry 
(MIP). The mercury porosimetry only measures the openings (i.e., interconnects) 
towards a pore and therefore the final distribution is not really of the pore size [163] 
therefore the values measured by the mercury porosimetry will be compared to the 
interconnect size. As the technique is destructive, only the scaffolds sintered directly 
to each sintering temperature were analysed. Figure 3.7 shows that the scaffold 
sintered at 600°C had a distribution range of 51 µm to 213 µm, with a modal 
interconnect diameter of 153 µm. As sintering temperature increased to 800°C the 
range was 57 µm to 205 µm, and the modal interconnect diameter decreased to 97 
µm. When the sintering temperature increased to 1000°C, the range narrowed to 
between 78 µm and 184 µm, and the modal interconnect increased to 119 µm. All the 
modal MIP values predicted are significantly lower than that calculated by μCT. The 
modal interconnect size predicated by MIP for the S1000 is greater than that 
predicted for the S800 specimen. The reasons for the difference in MIP predictions 
and μCT calculations are explained below: 
 
Figure 3.7. Pore size distributions obtained from mercury intrusion porosimetry
of bioactive glass foam scaffolds, as a function of final sintering temperature. 
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1. The Washburn equation used to calculate the opening diameter assumes a 
constant mercury contact angle of 140°, the contact angle is sensitive to the 
material surface. The mesopores present on the surface of the as stabilised 
S600 and S800 scaffolds will have different surface roughness and therefore 
different surface tensions to that of the S1000. 
2. The mercury intrusion porosimetry was developed primarily for small volume 
fractions of porosity and mainly calculates the largest entrance to a equivalent 
flow channel diameter [163]. 
3. The maximum length of the interconnects were calculated from the μCT 
images, whereas the MIP calculates the equivalent diameter. However the 
Figure 3.1 shows that most of the interconnects are circular and hence the 
equivalent diameter will give the maximum length. 
4. The pressure required to intrude a throat is greater than that calculated 
theoretically as a further increase in pressure is required to push mercury into 
the rest of the pore, therefore the calculated opening sizes will be lower than 
the actual size.  
Over all the values predicted by MIP is only useful for comparative studies. 
Currently μCT is the only non-destructive technique that is capable of giving the true 
the pore and interconnect size distributions, shapes and aspect ratios.  
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3.4 Summary 
This study has shown that the methods for quantification of scaffold properties using 
μCT data have many advantages, including full imaging and quantification of the 
porous network. The techniques are also applicable to many types of scaffolds. 
The calculated pore and interconnect sizes demonstrate that the 70S30C bioactive 
glass has a structure which fulfils most of the criteria for bone tissue engineering. 
From previous studies by Jones et al. [59, 87] the S800 scaffolds were shown to have 
compressive strength and permeability similar to human trabecular bone. This 
implies that the optimisation of the bioactive glass scaffolds have resulted in 
fulfilling all the criteria for bone tissue engineering. However, the major 
disadvantage with the 70S30C bioactive glasses was that they exhibit poor toughness 
leading to brittle failure in compression. The glass scaffolds can not also be used in a 
site where tensile or shear loading will be applied therefore their application is 
limited to sites where no loading or only compressive loading is experienced. All 
human long bones experience all of the three loading conditions at different 
proportions, therefore the scaffolds must be designed to have the pore and 
interconnect size, permeability, compressive properties and toughness to match that 
of human bone. 
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4  Characterisation & functionalisation of γ−PGA 
4.1 Introduction 
The sol-gel glass scaffolds fulfil all of the criteria for an ideal scaffold except that 
they are brittle. One strategy for the increase of toughness of the sol-gel glass 
systems is by the incorporation of biodegradable polymer to create organic/inorganic 
hybrid systems that would mimic bone at the nanoscale as well as at the macro scale. 
The organic phase collagen makes up 40 wt% of human bone when dry. Collagen 
has many roles, including providing toughness to bone; giving signals for the 
functional expression of cells; eliciting minimal antigenicity; and is very 
biocompatible and biodegradable [74]. The polymer γ−PGA will be utilised as the 
organic phase in the hybrid systems developed in this thesis.  
The monomer of γ−PGA is an amino acid; therefore, the γ−PGA will be degraded 
enzymes and provide nutrients as it degrades in the body. It is also biocompatible and 
elicits minimal immunogenic response [177]. Reports have also suggested that 
glutamic acid rich sequences are found at sites where HA is thought to nucleate 
[154]. Poly-γ-glutamic acid therefore appears to be a suitable substitution for 
collagen. Although γ-PGA has been around a while not much has been published on 
its application in tissue engineering. γ−PGA is the γ form of the poly-glutamic acid, 
it is produced by several enzymes in different D ,L and DL configurations as well as 
in crystalline and amorphous forms.  
This is the first time it has been used in a hybrid system. Two strategies were adopted 
for the fabrication of the hybrids; (1) hybrids with only hydrogen bonding to silica 
network (class I) and (2) hybrids with hydrogen and covalent bonding to the silica 
network (class II). For the class I, the polymer was added directly into the sol and the 
–OH and –NH groups present in the polymer hydrogen bond to the silica network. 
Class II requires the modification of the polymer by using a crosslinker agent that 
covalently bonds the polymer and the silica network. 
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An important property that extends the use of γ−PGA is that it contains a carboxylic 
acid group as a side chain. This enables it to be functionalised to bond to several 
other materials. In this case glycidoxypropyl thrimethoxysilane (GPTMS) is used as 
a coupling agent which contains an epoxy ring that can open up and bond to –COOH 
groups. The other end of the GPTMS molecule contains a trimethoxysilane which 
can be hydrolysed in a sol and then form Si-O-Si bonds with the silica network 
during condensation of the sol. The carboxylic acid group is also an excellent 
collator of cations which will be very useful as an ionic crosslinker in the 
nanocomposite.  
This chapter aims to characterise the chemical and physical properties of the γ−PGA, 
as well as explaining ways of modifying it to allow covalent coupling to the 
inorganic phase. Several techniques have been utilised for characterisation, including 
Differential Scanning Calorimetry (DSC) solution and solid-state Nuclear Magnetic 
Resonance (NMR), Fourier Transform InfraRed spectroscopy (FTIR), Scanning 
Electron Microscopy (SEM), Gel permeation chromatography (GPC) and X-Ray 
Diffraction (XRD).  
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4.2 Materials and methods 
It was important to characterise the polymer and the efficiency of the 
functionalisation.  
4.2.1 Materials 
Poly-γ−glutamic acid was purchased in the free acid and sodium salt form from 
Natto Biosciences (Quebec, Canada) and Polyglu® (California, USA), respectively. 
The polymer purchased from Natto Biosciences had 95 % free acid γ−PGA and 5 % 
water by weight. All other materials were purchased from Sigma-Aldrich. 
4.2.2 Solvation  
The solubility of free acid γ−PGA was tested in the following solvents; toluene, 
chloroform, 1,4-dioxane, tetarhydrofuran (THF), acetone, acetonitrile, 
dimethylformamide (DMF), dimethylsulphoxide (DMSO), ethanol and water.  
4.2.3 Polymer – crosslinker coupling 
There are three routes for the fabrication of class II sol-gel nanocomposites; 
(1) conventional – react the crosslinker to the polymer and then add to inorganic sol, 
(2) reverse – mix the crosslinker to the inorganic sol and then add polymer, and 
(3) parallel – add the polymer, the inorganic sol and the crosslinker at the same time. 
In this study the conventional route was used, the free acid form of the γ−PGA was 
first reacted with the crosslinker. Two different types of crosslinker were initially 
assessed for potential use in the coupling process, GPTMS and trimethoxy(3-
isocyanatopropyl)silane (ICPTS). The crosslinkers are organosilanes with two 
functional groups, GPTMS has an epoxy ring (
O
CH CH2) on one end and a trimethoxy 
silane (
Si
O
O
O
CH2
CH3
CH3
CH3
C
) at the other. The ICPTS has an isocyanate (N=C=O) group on one 
end and a trimethoxy silane at the other. The epoxy ring and isocyante functional 
groups enables coupling with the organic phase while the trimethoxy silane 
covalently bonds with the inorganic phase by hydrolysis and condensation in sol 
forming Si-O-Si bonds.  
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GPTMS was chosen for all future samples, the reasons for which are explained in 
section (4.3.2). It was expected that the amount of coupling agent was important in 
obtaining a balance between the required toughness and a stable scaffold. Too much 
crosslinking would give a stiff and stable material but a brittle nanocomposite, while 
too little crosslinking would result in a soft, flexible material, but it would degrade 
very rapidly. Different ratios of γ−PGA:GPTMS were made as shown in Table 4.1. 
All other variables were kept constant while the amount of GPTMS used varied. The 
method below describes the synthesis of 5GC, where the 5GC means 1 mole of 
GPTMS crosslinker for every 5 moles of γ−PGA monomer (γ−PGA:GPTMS ratio of 
5:1), from 5 g of γ−PGA. 
5 g of γ-PGA with molecular weight (Mw) of 160 kD, measured by GPC were placed 
in a 100 ml capacity 3-necked round bottom flask, to which 45 ml of DMSO was 
added as a solvent (Figure 4.1). A condenser was placed on the centre neck of the 
flask and a dry nitrogen flow at a constant speed was attached to one of the side 
necks of the flask while a stopper was placed in the other side neck. The mixture was 
heated to 80°C in an oil bath while mixing with a magnetic stirrer.  
Once the polymer was fully dissolved; 1.83 g of (98%) GPTMS was mixed with 5 ml 
of DMSO in a separate glass container. This GPTMS+DMSO mixture was then 
added drop-wise to the γ-PGA/ DMSO solution. The mixture was allowed to react 
for 8 h under the flowing dry N2.  
4.2.4 Polymer characterisation methods 
Measurements were performed with several techniques DSC, FTIR, GPC, NMR, 
SEM and XRD.  
Table 4.1.  Different amounts of crosslinker coupled polymer synthesised. 
Sample Name γ-PGA:GPTMS DMSO γ-PGA GPTMS
2GC 2:1 50 5 4.58
5GC 5:1 50 5 1.83
10GC 10:1 50 5 0.92
25GC 25:1 50 5 0.37
50GC 50:1 50 5 0.18
100GC 100:1 50 5 0.09  
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DSC 
Tests were performed on a PL Thermal Sciences Division DSC system. Samples 
were heated from room temperature to 600°C in air and in argon at 10°C/min. 
FTIR3 
FTIR was performed on a PerkinElmer SpectrumTM 100 Series spectrometer in the 
range 600 – 4000 cm-1 using an Attenuated total reflectance (ATR) accessory. FTIR 
works by passing infrared waves through a sample and measuring the transmitted 
waves or the absorbed waves by subtracting it from the incident wave. The energy of 
the infrared waves is in the range where it excites the electrons in a covalent bond 
with a dipolar moment. When the electrons absorb this energy they cause the atoms 
in the bond to vibrate with different modes depending on the energy absorbed. All 
covalent bonds with a dipolar moment vibrate at a given specific energy and 
                                                 
3 For details on the fundamentals of FTIR technique please refer to 178. Silvestrin R M, Wabster F X 
and Kiemie D, Spectrometric identification of organic compounds, 7th edition. 7th ed. 2005. 512.. 
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Figure 4.1.  Illustration of the experimental setup for the γ−PGA/crosslinker 
coupling reaction. 
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therefore absorb at different frequencies. By performing FTIR the presence of 
different molecules and sometimes their structure can be confirmed.  
Samples for FTIR were prepared by two different techniques;  
1. precipitating the reaction mixture in acetone and filtering out the precipitate 
and 
2. by drying at 60°C. 
GPC4 
DMSO solvent based GPC was performed on the free acid γ−PGA. Conventional 
aqueous GPC was performed on the salt form of the γ−PGA and on the free acid 
form neutralised with NaOH. Samples weighing 20 mg were dissolved into 10 ml of 
0.2M NaNO3, 0.01M NaH2PO4. The dissolved samples were then passed through the 
columns at a flow rate of 1.0 ml/min at a temperature of 30°C. The GPC system was 
calibrated with sodium polyacrylate (PAA) and the results were therefore expressed 
as PAA equivalent molecular weights.  
NMR5 
NMR is the study of the molecular structure of a material by the measurement of the 
interaction of electromagnetic waves with the nuclei of the material that is under a 
strong magnetic field. Both solution and solid-state NMR were performed on the 
crosslinker coupled polymer. Samples for solution NMR were produced by 
performing the coupling experiment in DMSO-d6. Proton NMR was carried out on 
solutions taken after 2, 4 and 8 h after reaction. Solution NMR was performed on a 
400 MHz Bruker at Department of Biochemistry, Imperial College London6. 
29Si Solid-state magic angle spinning (MAS) NMR was recorded on a 300 MHz 
Varian InfinityPlus at Department of Physics, Warwick University7. In solid-state 
NMR MAS is the physical spinning of the material at 54.74° with respect to the 
magnetic field to reduce orientation dependant interactions. Acquisition time was 
determined by the signal to noise ratio and a MAS rate of 4 KHz was used. The 
                                                 
4 GPC was run by Dr Steve Holding at Smithers Rapra, Technology Limited. 
5 For details on the fundamentals of NMR technique please refer to 178. Silvestrin R M, 
Wabster F X and Kiemie D, Spectrometric identification of organic compounds, 7th edition. 7th ed. 
2005. 512.. 
6 Solution NMR experiments were done by Hiroko Kusumoto & Dr Rob Law. 
7 Solid-State NMR and spectra deconvolution for this Chapter was performed by Luke O’Dell, Prof. 
Mark Smith. 
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samples after the coupling reaction were dried at 60°C and then ground to powder in 
liquid nitrogen which was then packed into the rotors for NMR.  
SEM 
LEO 1525 equipped with a GEMINI field emission column scanning electron 
microscope was used after coating the sample with chromium. Sputtering was done 
for 1-2 minutes with a sputtering current of 65 mA. The sputtering rate for the 65 mA 
current was 13-15 nm/minute, therefore a final coating thickness of approximately 15 
nm for the 1 minute and 30 nm for the 2 minute coating was achieved. The SEM 
operating voltage was kept at 3-5 kV, working distance between 3-8 mm and an in-
lens secondary electron detector (SEI) with 30 μm aperture was used for high 
resolution imaging. Energy dispersive X-ray (EDX) spectroscopy was also 
performed on some of the samples in the same SEM and the spectra were analysed 
with Oxford Instruments software. The operating voltage was increased to 15 kV, 
working distance greater than 15 mm and aperture size also increased to 60 μm to 
generate X-rays for EDX. 
XRD 
Powder X-ray diffraction was performed on the free acid γ−PGA to determine 
crystallinity. Powder γ−PGA was spread on to a metal plate this was placed into the 
PW1700 M2 diffraction machine equipped with Cu k-α X-ray source. X-rays were 
collected at 2θ angles between 5 and 70° at 0.04° step size and 1 second was allowed 
for X-ray collection at each step.8 
                                                 
8 XRD data for this chapter was provided by Hiroko Kusumoto 
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4.3 Results and discussion 
4.3.1 Characterisation of γ−PGA 
Poly-γ-glutamic acid exhibited very interesting solubility properties. The as received 
polymers were mixed with several solvents. The free acid form was soluble only in 
DMSO and the Na salt form only in water. The free acid γ−PGA was found to be 
semi-crystalline. Figure 4.2 shows the XRD plot of the free acid form of γ−PGA 
showing several crystalline peaks.  
Conventional aqueous GPC of the free acid form was not possible due to lack of 
solubility in aqueous system. The solvent (DMSO) based GPC of the free acid was 
also not able to produce any results due to no refractive index response at the 
detector. It was assumed that the polymer had high affinity towards the GPC 
columns and therefore did not permeate through it. The Na salt form and the free 
acid form which was neutralised with NaOH dissolved easily in the aqueous system. 
Both gave good refractive index responses in the conventional aqueous GPC system. 
The poly acrylic acid equivalent Mw of 156,000 and 166,000 were calculated for the 
Na salt γ−PGA received from Polyglu® and γ−PGA received from Natto neutralised 
with NaOH, respectively. The molecular number (Mn) was calculated to be 49,300 
and 47,800 giving polydispersity (Mw/Mn) values of 3.2 and 3.5, respectively. 
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Figure 4.2.  XRD spectra of the γ−PGA (free acid). 
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The chemical structure of γ−PGA was characterised with NMR and FTIR. Figure 4.3 
shows the 13C solution NMR of γ−PGA. Peaks at chemical shifts of 27, 32, 51, 172 
and 175 ppm were identified as βCH2, αCH2, γCH, CONH and COO. The peak at 
chemical shift of 39.5 ppm was interpreted to be DMSO-d6 which was used as the 
solvent to dissolve the γ−PGA.  
Figure 4.4 shows the 1H solution NMR of γ−PGA. The protons in the γ−PGA have 
given rise to singlet peaks at δ 1.7 and 1.95, 2.2, 4.2 and 8.15 ppm, these were 
identified as the protons b, a, c, and d on the Figure 4.4. The proton from the side 
carboxylic acid group which is involved in strong hydrogen bonding was missing in 
the spectra. It is expected that the peak for this would be broad and dramatically 
shifted downfield (higher chemical shift), because it is involved in hydrogen bonding 
with the DMSO-d6. DMSO is known to be a good hydrogen bond acceptor therefore 
this explains why the proton from the –COOH is not visible. As before a peak for the 
residual hydrogen in the solvent DMSO-d6 also appeard at δ 2.5 ppm.  
Figure 4.5 shows the FTIR spectra of the polymer γ−PGA in the powder form as 
purchased (blue), after being dissolved in DMSO and dried in air at 60°C (red) and 
the Na salt form (green). In FTIR, proteins have two main characteristic absorptions 
called amide I and amide II (Figure 4.6). Amide I is mainly associated with the C=O 
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Figure 4.3.  19C solution NMR of γ-PGA dissolved in deuterated
dimethylsulphoxide (DMSO-d6). 
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stretching vibrations and is directly related to the backbone conformation and 
hydrogen bonding pattern. This stretching is usually observed between 1610 and 
1690 cm-1. This band is only seen for the γ−PGA dissolved in DMSO sample and 
very weakly seen in the sodium poly glutamate. For the γ−PGA powder the amide I 
band is not clearly seen. The reason for it not showing up is not yet clear. The amide 
II band results mainly from the N-H bending vibrations and partly due to the C-N & 
C-C stretching vibrations. The amide II band is clearly visible for all but the sodium 
poly glutamate sample; a peak for the O-C-O- anion is present instead. The amide II 
is believed to be missing due to a strong ionic complexation of the Na+ and the 
COO-. 
Both amide I and amide II are involved in the H-bonding which gives rise to the 
formation of the α-helix or a β pleated sheet, β turns or a random secondary 
structure, therefore the absorption frequencies of both will be sensitive to the 
secondary structure present. From literature it was found that for a β sheet secondary 
structure the amide I band is between 1610 to 1645 cm-1, therefore the γ−PGA once 
dissolved into DMSO has a β−sheet folding secondary structure. For the sample 
dissolved in DMSO bands at wavenumbers 995 cm-1 and 945 cm-1 are present, these 
were assigned to CH3 rocking from the residual DMSO in the dried polymer. 
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Figure 4.4.  1H solution NMR of γ-PGA dissolved in deuterated
dimethylsulphoxide (DMSO-d6). 
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Figure 4.7 shows the FTIR spectra of DMSO. The band at wavenumber 1040 cm-1 is 
the characteristic S=O band. DMSO is a strong hydrogen-bond acceptor (HBA) and 
is an organic solvent with the highest HBA basicity of 0.752. It is therefore expected 
that the DMSO will remove the proton from the N-H involved in the hydrogen 
bonding to solubilise the γ−PGA. Once in solution, the removed H+ will contribute to 
the acidity of the mixture. This contradicts the conclusion drawn from the presence 
of the amide I band in Figure 4.5, where it is thought a β−sheet folding secondary 
structure is formed in DMSO. Because, the proton involved in H-bonding is removed 
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Figure 4.6.  Amide I C=O stretching and amide II bending vibrations. 
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by DMSO to solubilise the γ−PGA then it should not be able to fold. Perhaps DMSO 
is acting in the N-H proton and allowing it to fold in the β−sheet structure.  
Scanning electron microscopy was performed on the as received and processed 
polymers (Figures 4.9 & 4.8). Both types of γ-PGA were received in the form of 
small granules. Elemental analysis showed the γ−PGA from Polyglu® had elements 
carbon, oxygen and sodium. Their proportions are shown in Figure 4.9. The 
molecular weight of the monomer glutamic acid was 129 g, and that of sodium 
glutamate was 151 g, therefore the weight percent of sodium in a sodium salt of γ-
PGA would be 15.23 %. The measured weight percentage is very much similar to the 
calculated value; therefore it can be concluded that the polymer received from 
Polyglu® was sodium poly-glutamate. The energy dispersive X-ray analysis in 
Figure 4.8 shows that the γ−PGA received from Natto Biosciences did not contain 
any sodium. This polymer was therefore the free acid form.  
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Figure 4.7.  Fourier transform infrared spectra of DMSO used in the crosslinking 
reaction.  
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For this study it was required that the silane groups of the GPTMS had the lowest 
degree of condensation after the crosslinker coupling reaction so that it would not gel 
before adding to the sol. Therefore the reaction had to be performed in a non-polar 
50 μm
 
Figure 4.8.  Scanning electron microscopy of γ-PGA from Natto Biosciences. The 
graph shows the presence carbon and oxygen.  
11.3618.47 +/- 0.81Na
22.0224.92 +/- 1.62O
66.6256.61 +/- 1.60C
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Figure 4.9.  Scanning electron microscopy of γ-PGA granules received from 
Polyglu®. Elemental analysis shows the presence of carbon, oxygen and sodium.  
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solvent. This was the case since polar solvents would hydrolyse the silane group of 
the GPTMS. The sodium poly-glutamate was not soluble in any non-polar solvents. 
This meant work had to be carried out on the free acid γ−PGA. The problem with 
this was that the γ−PGA free acid was bonded to itself with strong H-bonds, a non-
polar solvent will not be able to break these apart. Therefore a polar aprotic solvent 
had to be used. Of all the common polar aprotic solvents DMSO has the highest 
dielectric constant and γ−PGA was found to be soluble in it.  
4.3.2 Functionalisation and characterisation of the crosslinker 
coupled polymer  
The carbon-silicon bond (≡Si-CH2-) is very stable and non-polar. The chemistry of 
silicon is different to that of carbon, therefore the presence of the silicon on the 
crosslinker will alter the reactivity of the organo functional groups on GPTMS and 
ICPTS. The amount of influence on the epoxy ring depends on the distance between 
the two functional groups. In GPTMS the silicon atom and the organic functional 
groups were separated by larger distance than on ICPTS therefore the reactivity of 
the epoxy ring in GPTMS will behave similarly to that on a organic analogues 
carbon chemistry [123] (Figure 4.10).  
Figure 4.11 shows three FTIR spectra of the crosslinker coupled polymers 
crosslinked with ICPTS (blue) and GPTMS (red) after drying. The bands at 1621 cm-
1 and 1550 cm-1 were assigned to the vibrations of the carboxylate anion (O-C-O–). 
This indicates that the isocyanate group had formed ionic crosslinking rather than 
covalent bonds with the γ−PGA. The products of the reaction were also found to 
precipitate out of DMSO, which also indicated that only ionic products were 
O Si
O
O
O
O
CH3
CH3
CH3 O
C
N Si
O
O
O
CH3
CH3
CH3
GPTMS ICPTS
 
Figure 4.10.  Chemical structure of glycidoxypropyl trimethoxysilane (GPTMS) 
and isocyanatopropyl trimethoxysilane (ICPTS).  
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produced. Comparing the spectra of γ−PGA + ICPTS to γ−PGA + GPTMS, it shows 
that the products of γ−PGA + GPTMS were not ionically crosslinked; this is 
confirmed by the absence of vibrations for the O-C-O– in the γ−PGA + GPTMS 
spectrum. Therefore, GPTMS was chosen as the crosslinker to be used in the hybrid 
synthesis and was looked at in more detail.  
Another important finding from Figure 4.11 is that both spectra γ−PGA + ICPTS and 
γ−PGA + GPTMS show some residual DMSO was present in the samples after 
drying indicated by the band at 1005 and 1014 cm-1. Figure 4.11 also shows the 
spectra for the γ−PGA + GPTMS sample after washing with water. The band 
corresponding to the CH3 rocking vibrations from DMSO were not observed in this 
sample indicating that the washing process had effectively removed the DMSO. The 
same spectra also show a change in the secondary structure of the polymer. The 
secondary structure is similar, if not identical, to that of the as received powder free 
form γ−PGA.  
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The reaction between the γ−PGA and the GPTMS crosslinker is a nucleophilic 
substitution of type either the SN1 (S = substitution, N = nucleophilic and 1 stands for 
type 1) or SN2 depending on the acidity of the reaction solution. Figures 4.12 
and 4.13 shows the SN1 and SN2 routes through which the γ−PGA could be reacted to 
the crosslinker. The leaving group in both cases is the oxygen atom in the epoxy ring, 
which forms an alcohol by acquiring a proton. 
Reaction will proceed via SN1 type fashion if the nucleophile is weak. The epoxy 
needs to the protonated if it were to be attacked by the weaker nucleophile. The 
nucleophile can attack both the carbons in the epoxy. This results in two scenarios 
where the CH2 carbon at the very end of the GPTMS molecule is attacked by the 
nucleophile at 180° to the C–O bond, this carbon can be preferred due to the steric 
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hindrance offered to the other carbon by the rest of the GPTMS molecule. In scenario 
2, the most substituted carbon is attacked. 
SN2 type substitution is preferred if the attacking nucleophile is strong and under 
basic conditions. As shown in Figure 4.13 the γ−PGA has been deprotonated, 
forming a stronger nucleophile. In DMSO the SN2 type reaction was expected to 
have happened due to the carboxylic acid becoming a strong nucleophile as it 
donates the proton to DMSO.  
The progress of the reaction was monitored as a function of time by measuring the 
FTIR and solution proton NMR spectra of the products. Figure 4.14 shows the colour 
change of the reaction solution as a function of time, with increase in intensity of the 
yellow colour, represents higher degree of crosslinking in the solution.  
The proton NMR spectra and FTIR are shown in Figures 4.15 and 4.16. The proton 
NMR shows that, with time, the peaks became broader, indicating that some 
polymerisation took place. But no apparent chemical shift is seen in the spectra 
indicating that all the protons are present and their chemical environment remained 
unchanged. Other important observations that were derived from the NMR spectra 
are the presence of water and methanol peaks. Large amounts of methanol were seen 
after 2 h reaction which decreased considerably after 4 h and then almost completely 
disappeared by the 8 h. This indicates that the trimethoxysilane of GPTMS started to 
hydrolyse as soon as it is added to the γ−PGA + DMSO solution and by 8 h it has 
either completely hydrolysed or the hydrolysis has terminated.  
The reaction was performed at 80°C which is above the boiling point of methanol so 
as soon as methanol is produced it will evaporate from the reaction mixture. This 
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Figure 4.14.  Change in solution colour of reaction of γ-PGA with GPTMS with 
time. 
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means, the methanol seen at each time point is the methanol that was produced 
moments before sampling. Meanwhile large peaks for water were seen at 4 h, which 
were not there at 8 h. The water peaks at 4 h indicates that condensation was 
predominant at that stage. Water is also evaporated, but at slower rate than methanol. 
Although the boiling point of water is higher than the reaction temperature, the 
constant flow of N2 helps in evaporation of water.  
Therefore the sequence of reaction steps seems to have been: 
1. reaction of GPTMS to γ−PGA and hydrolysis of trimethoxy silane 
immediately after the addition of GPTMS; 
2. after 2 h of reaction hydrolysis was still progressing; 
3. after 4 h hydrolysis was reduced greatly and condensation had started; and 
4. by 8 h both hydrolysis and condensation had ceased.  
Although NMR spectra gave a clear indication of the sequence of events that 
happened during the reaction, no definite confirmation of the crosslinker coupling to 
the polymer were seen. This was provided by the FTIR in Figure 4.16, which shows 
the reduction in the height of the band corresponding to the epoxy ring (oxirane) 
Figure 4.15.  1H NMR stacks with γ−PGA, GPTMS, 10GC (1GPTMS for 10 
γ−PGA) after 2, 4 and 8 h reactions in DMSO-d6. 
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breathing vibrations at wavenumber 904 cm-1 as reaction time increased. This 
indicates the reaction between carboxylic acid of the γ−PGA and the epoxy group of 
the GPTMS was taking place to give a crosslinker coupled polymer. However, there 
are noticeable reductions in the intensities of the bands C=O at 1720 cm-1, Amide II 
at 1541 cm-1 and at wavenumber 1250 cm-1 indicating that the total intensity of the 
spectra may have been lower, rather than a specific reduction caused by the covalent 
coupling of the GPTMS to γ-PGA. 
The reaction of GPTMS with γ-PGA produces an ester linkage; this has distinct 
vibrations for the C-O-C bending and C-O bending at 1190 and 1450 cm-1, 
respectively. However, these are over-lapped by the CH3 deformation at 1430 cm-
1and Si-CH2 at 1180 cm-1. Another interesting observation that suggests strong 
covalent bonding between γ-PGA and GPTMS was the formation of a gel upon 
immersion of the dried functionalised polymer into water. If no functionalisation was 
taking place the polymer will not be affected, but the polymer crosslinking resulting 
from functionalisation induced gel formation on uptake of water.  
Another important finding from the FTIR spectra is the reduction in the height of the 
Si-O-CH3 peaks (Figure 4.16) as reaction time increased. This supports the finding 
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Figure 4.16.  FTIR of the γ-PGA crosslinked with GPTMS as a function of reaction 
time.  
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that the silane undergoes hydrolysis while the epoxy coupling reaction is taking 
place. The FTIR also shows the increase in Si-OH band as a result of hydrolysis.  
It is therefore important to quantify the amount of crosslinking between the polymer 
molecules prior to mixing with the sol. Some organosilanes are known to undergo 
hydrolysis with the presence of moisture. This is seen in Figure 4.17 that shows the 
FTIR spectra of GPTMS before and after drying in air at 60°C for 1 h and for 5 days. 
The Si-O-CH3 stretching band at 1073 cm-1 decreased in intensity while the epoxide 
breathing band at 904 cm-1 was stable after drying in air. The newer band at 
1020 cm-1 is believed to be the Si-O-Si stretching; this becomes more prominent after 
5 days of drying and signifies condensation of the Si network.  
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Figure 4.17.  Fourier transform infrared spectra of GPTMS (brown), dried in air at 
60°C for 1 h (blue) and dried for 5 days (purple). 
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Figure 4.18  Change in the colour of the reaction solution with decrease in 
crosslinking with GPTMS. 
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It was important to choose an optimal amount of crosslinking so crosslinker coupled 
polymer with different amounts of GPTMS were produced with composition given in 
Table 4.1. Figure 4.18 shows the intensity of the yellow colour decreasing with 
decreasing crosslinking. All reactions were done at 80°C for 8 h.  
4.3.3 29Si MAS NMR study of functionalised polymer 
Solid state 29Si NMR of the crosslinker coupled polymer was carried out to identify 
the molecular condition of the silane group from the GPTMS crosslinker. It is 
important to study this, since it gives information on how much polymer to polymer 
crosslinking has taken place before adding to the sol-gel process. The first indication 
of the changes taking place in the silanes of GPTMS came from the FTIR in Figure 
4.17. It is clear that the trimethoxy silane (-Si-(OCH3)3) hydrolysed to -Si-(OH)3 but 
whether they condensed to form -Si-O-Si- is not clear. The proton NMR in Figure 
4.15 also indicates some polymerisation taking place, where the proton peaks for 
GPTMS are broader after the reaction.  
Figure 4.19 show the schematic of four different scenarios termed T species. The 
silicon atom of the GPTMS is either bonded to itself or other silanes. Figures 4.20 to 
4.23 shows the 29Si MAS NMR spectra of the polymer reacted with GPTMS. The 
MAS NMR provides a spectrum which contains information on the atomic 
environment of the silicon atoms. A silicon atom bonded to a carbon atom will have 
a different chemical shift to the same atom bonded to an oxygen. This enables the 
identification of a silicon with one carbon and tri oxygen compared to silicon with 
tetra oxygen bonded to it in the nanocomposite.  
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Figure 4.19.  The four possible molecular structures of the silane ends of GPTMS. 
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In Figure 4.19 the molecular structure T0 is the unreacted state of the organosilane. 
T1, T2 and T3 form after mono, di and tri Si-O-Si bridging bonds, respectively. When 
only T0 is present no crosslinking has taken place while with T1 a linear molecular 
structure is formed, but with T2 and T3 a 3D branched crosslinked network is formed. 
All these four T molecular structures have a distinct chemical shift in the MAS NMR 
spectrum. The presence of T1, T2 and T3 therefore indicate class II hybrid. 
Chemical shifts are usually found at ~ -42 ppm, -48.1 to -50.9 ppm, -55.9 to -59.0 
ppm and -63.3 to -67.3 ppm corresponding to Ti = 0, 1, 2 and 3, respectively. Figure 
4.20 is a typical spectrum obtained from such technique (blue line). The spectrum 
needs to be deconvoluted to drive the proportions of the different Ti sites. Figure 4.20 
also has the deconvoluted lines together with the main spectra. After deconvolution 
the different proportions of the T sites at chemical shifts of -67.09 and -58.96 ppm 
have been identified as T3 and T2, respectively. The data shows over 72 % of the 
silane groups were T3 and the rest T2. The degree of condensation (Dc) for this 
material using the equation 4.1 was calculated to be 90.8 %.  
⎟⎟⎠
⎞
⎜⎜⎝
⎛ ++=
3
32 321 TTTDC      (4.1) 
(ppm)
-140-120-100-80-60-40-200
27.62- 58.96T2
72.38- 67.09T3
% IntegralPosition (ppm)Coordination
 
Figure 4.20.  29Si MAS NMR spectrum of GPTMS coupled polymer 2GC (one 
GPTMS crosslinked to every two of γ-PGA). Reacted for 100 minutes with solute 
concentration of 3 wt/vol %. 
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The sample analysed in Figure 4.20 was prepared by reacting 0.15 g of γ−PGA in 
5 ml of DMSO for 100 minutes. The ‘solute concentration’ for this reaction was 
defined as the percentage of the amount of γ−PGA (solid) in DMSO (solution), i.e., 
solute concentration = %3%100
5
15.0 ⎟⎠
⎞⎜⎝
⎛=
vol
wtx
ml
g . Solute concentration can also be 
expressed as wt/wt %. 
Influence of solute concentration  
Solute concentration affects the progress of the GPTMS to γ−PGA coupling reaction. 
The increase or decrease in solute concentration can also influence the silanes of 
GPTMS self crosslinking. Therefore it is important to investigate the effect of solute 
(polymer) concentration on GPTMS self crosslinking.  
The spectrum in Figure 4.21 was from a sample where the solute concentration and 
reaction time were increased to 6 wt/vol % and 120 minutes, respectively. The 
spectrum shows much less T3 and a lower degree of condensation (Dc = 79.4 %) than 
for the sample in Figure 4.20. The NMR spectra in Figure 4.22 were obtained on 
samples reacted for 4 and 8 h with a solute concentration of 10 wt/vol %. The Dc for 
-60
(ppm)
-120-100-80-40-200
61.75- 58.29T2
38.25- 66.11T3
% IntegralPosition (ppm)Coordination
 
Figure 4.21.  29Si MAS NMR spectrum of GPTMS coupled polymer 2GC 
(1 GPTMS for 2 γ−PGA). Reacted for 120 minutes with solute concentration of 6 
wt/vol %. 
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the 4 h sample was 41.1 % which again is lower than the samples with solute 
concentration of 3 and 6 wt/vol %. Therefore, increasing the solute concentration 
reduced the degree of condensation. This is because a lower solute concentration 
leads to a higher degree of freedom for the crosslinker coupled polymer molecules to 
move around and therefore better chance for GPTMS to come in contact with each 
other and condense together. Secondly there is less competition between the 
trimethoxysilane groups of GPTMS for the water within the reaction mixture.  
Apart from the amount of water present and the effect of reaction solute 
concentration there are two more important factors which can also affect the degree 
of condensation and therefore the amount of crosslinking prior to sol addition. These 
are the reaction time length and the amount of GPTMS added.  
Influence of reaction time 
Reaction time was important in achieving sufficient coupling between GPTMS and 
γ−PGA, it was also important to have a reduced DC. Figure 4.22 clearly shows the 
influence of time on condensation while keeping all other factors constant. The NMR 
81.74- 48.07T1
13.10- 56.17T2
5.16- 63.38T3
% IntegralPosition 
(ppm)
Coordination
18.01- 48.66T1
58.43- 57.71T2
23.56- 65.41T3
% IntegralPosition 
(ppm)
Coordination
(ppm)
-90-70-50-30-10
γ−PGA+GPTMS 4 h
ppm
-100-80-60-40-20
γ−PGA+GPTMS 8 h
Figure 4.22.  29Si MAS NMR spectrum of GPTMS coupled polymer 2GC 
(1 GPTMS for 2 γ−PGA) as a function of time. The solute concentration was 10 wt/vol 
%. 
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spectra were collected for samples that were reacted for 4 h and 8 h. The Dc for the 4 
and the 8 h samples were 41.1 % and 68.5 %, respectively. With just four more hours 
of reaction, the degree of condensation increased 170 %. The T2 molecular structure 
dominated with 58.43 % of the silanes having this condensation after 8 h reaction. 
This still leaves a large amount of unreacted silanes for bonding with the inorganic. 
Increased reaction time gives longer time for the molecules of GPTMS coupled on 
the polymer to come in contact with each other and condense.  
Influence of decreasing the GPTMS  
The degree of crosslinking was varied by changing the amount of GPTMS. The 
influence of decreasing the GPTMS while keeping all other reaction conditions 
constant was investigated to understand the influence on silane of the GPTMS self 
crosslinking. The crosslinker coupled polymer in Figure 4.22 had a γ−PGA:GPTMS 
ratio of 2:1 while that of the samples in Figure 4.23 was 5:1. The reactions proceeded 
for 4 h. The decrease of GPTMS by a factor of 2.5 produced an increase in Dc by 
186 %. This increase in Dc with a decrease in GPTMS is harder to interpret. It was 
thought that with less GPTMS around, the competition for the water in the solvent 
decreased therefore there was a higher chance of hydrolysis and hence a more 
condensed structure formed at the same time point. Ren et al. [133] found that in the 
gelatin + GPTMS systems the proportions of T2 decreased with increasing T3 when 
GPTMS was decreased as observed here. 
Summary of functionalisation variables 
Table 4.2 summarises the influences of solute concentration, reaction time and 
γ−PGA:GPTMS ratio on the condensation of the silica. While clear trends were seen 
from the 29Si NMR data one important aspect of the testing had to be kept in mind. 
The delay in obtaining the data and the processing in between would allow for solid-
solid reaction to occur. The trimethoxy silanes were capable of undergoing 
hydrolysis and condensation even as solids by absorbing water from moisture. 
Therefore the DC values calculated from 29Si NMR would be higher than what was 
present in solution after 8 h of coupling reaction; however the trends obtained were 
an indicator to the influences by each parameters.  
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Interaction with water 
It is important to determine how the functionalised γ−PGA would interact with the 
inorganic sol, therefore a sample of functionalised polymer was wetted for two days 
and re-scanned. Figure 4.23 shows the remarkable changes after wetting the sample 
with water and then drying at 60°C before rescanning. The Si-O-Si bonds have been 
broken to give a reduced Dc of 43.7 % from an initial Dc of 76.6 %. The T3 
coordinations have completely disappeared while some T0 have appeared. Such 
behaviour is welcomed before the reaction mixture is added to the sol-gel, for once 
added to the sol-gel the silanes need to react with the TEOS molecules of the 
inorganic.  
Table 4.2.  Summary of the different influences on the condensation of the 
trimethoxy silicate. 
Influence on Dc
Solute concentration   (x 2) 90.8 Æ 79.4 %         (x 0.87)
Time                         (x 2) 41.1 Æ 68.5 %         (x 1.7)
γ−PGA:GPTMS       (x 0.4) 41.1 Æ 76.6 %         (x 1.86)
Reaction condition varied
 
10.01- 48.23T1
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Figure 4.23.  29Si MAS NMR spectrum of GPTMS coupled polymer 5GC 
(1 GPTMS for 5 γ−PGA) before and after wetting and drying treatment. 
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The reduction in DC after water treatment could also mean that during wetting the 
water may have washed out the free GPTMS (GPTMS molecules that were not 
bonded to the polymer) from the sample. This means the GPTMS remaining in the 
sample was bonded to the γ−PGA and had low DC. This is also good for hybrid 
synthesis, however there would be reduced amount of GPTMS in the functionalised 
polymer than originally thought. 
4.3.4 Thermal behaviour of functionalised polymer 
DSC was performed on the crosslinker coupled polymer to determine the thermal 
behaviour of the polymer, which determines the temperature at which the aging and 
drying processes can be performed. Figure 4.24 suggests the polymer does not 
undergo any degradation until 200°C. Figure 4.24 also shows that water is lost until 
100°C and then DMSO is lost till 190°C for the sample in air, while for the sample in 
argon the DMSO and water comes off at lower temperatures. The DSC importantly 
shows that the polymer does not undergo any damage before 200oC, which means 
that the polymer can be heated to below 200oC without causing it any damage.  
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Figure 4.24.  DSC trace of 2GC (1 GPTMS for 2 γ−PGA) in air (blue) and in argon 
(red). 
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4.3.5 SEM of the functionalised polymer 
Figure 4.25 shows an SEM image of a film of the crosslinker attached γ−PGA 2GC, 
it shows some inorganic phase present with in it. The inorganic phase also looks 
particulate and has nanoscale features. Whether these are formed due to the 
agglomeration of the GPTMS molecules is not very clear. If this particulate 
microstructure is GPTMS agglomerates then one would expect in each of the 
particles to be a few thousand GPTMS molecules, since GPTMS is a very small 
molecule itself. However, from the colour of the final solution it is very clear that the 
solution is homogeneous since it forms a yellowish transparent solution.  
200 nm
 
Figure 4.25.  SEM image of crosslinker coupled polymer 2GC (1 GPTMS for 
2 γ−PGA). 
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4.4 Summary 
Poly-γ−glutamic acid purchased from the companies Natto Biosciences and 
Polyglu® were identified as the free acid and sodium salt forms, respectively. The 
sodium salt form was soluble in water alone while the free acid γ−PGA was soluble 
only in DMSO. The FTIR spectra of γ−PGA after dissolving in DMSO revealed that 
the γ−PGA folded to form a β-sheet secondary structure. However the as received 
powder did not show clear peaks for the amide I.  
The free acid form of γ−PGA was selected as the polymer suitable for the coupling 
reaction since it was found to be soluble in DMSO and had a free carboxylic acid 
group which could easily be attacked by a crosslinker, where the Na-salt γ−PGA 
would be difficult to functionalise. The coupling was done in DMSO since DMSO 
was the only solvent capable of dissolving free acid γ−PGA. The crosslinkers 
GPTMS and ICPTS were reacted with the γ−PGA. The reaction with ICTPS and 
γ−PGA resulted in ionic bonding while the GPTMS formed covalent bonds. This was 
confirmed with the aid of FTIR for both ICPTS and GPTMS reactions, GPTMS was 
therefore chosen for the hybrids synthesis. The flow chart in Figure 4.26 shows the 
crosslinker coupling to γ−PGA reaction. The coupling reaction was performed at 
80°C to aid in solvation of the γ−PGA, reduce viscosity and to speed the reaction. 
The reaction was carried out in a nitrogen atmosphere where dry N2 was constantly 
fed over the reaction mixture. FTIR and solution NMR also revealed that the reaction 
between the silane groups of the GTPMS was also taking place during the coupling 
reaction. The silane condensation during the reaction could result in either of the two 
events; 1) self polymerisation before the coupling or 2) γ−PGA polymer chains 
crosslinking by coupling to polymer. Either case is undesired before addition to the 
sol (prehydrolysed tetraethylorthosilicate), but event one is worse than two in this 
case.  
The solute concentration of 100 wt/vol % was chosen to go forward to make hybrids. 
The reaction was allowed for only 8 h as it was important to minimise the reaction 
between the coupled silanes of the GPTMS. In cases where a highly crosslinked 
polymer network is preferred this reaction time can be increased to aid in 
condensation.  
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Figure 4.26 shows the procedure that will be followed to prepare the polymer for 
class II hybrids synthesised in the following chapter. 
 
Heat to 80°C and add 5g of γ-PGA
Add to γ-PGA/DMSO mixture GPTMS+DMSO 
mixture drop-wise
Allow above reaction to proceed for 8 h in N2
Mix 1.83 g of GPTMS in 5ml DMSO 
45 ml DMSO in 3 necked flask with N2 flowing 
over the solvent
 
Figure 4.26. Flow chart of the γ-PGA and GPTMS coupling reaction. 
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5 Synthesis of hybrid monoliths 
5.1 Introduction 
It is often found that with macro composites one phase is totally encompassed in the 
other which results in non-uniform and uncontrolled degradation of the entire 
composite. Often, the organic phase is found to encompass the inorganic phase, 
which means that the polymer used in the composite will play a large role in the total 
degradation of the composite. This encompassing also results in the loss or delaying 
of bioactivity of the composite. Both of these problems are overcome by fabricating 
a nanocomposite or a hybrid, which has one or more of its phases at the nanoscale 
and both phases are continuous to the macroscale. With a hybrid a synergic effect is 
achieved rather than a sum of both the phases. The aim is to develop a material in 
which both phases will degrade at equal rates while mechanically both phases will 
act as one material and to which cells will respond to as one material. 
The level of integration of the two systems (inorganic sol and organic polymer) 
influences many of the final properties of the hybrid. The ‘uniformity, phase 
continuity, organic-inorganic domain sizes and the molecular mixing at the phase 
boundaries,’ have direct influence on the properties of the hybrid materials [115]. 
The affected hybrid properties are optical, physical and mechanical to name a few. 
The interfacial area and interfacial bonding between polymer and inorganic is highly 
dependent on the extent of mixing of the polymer into the sol and the reactivity of 
each phase. The organic-inorganic interface plays an important role on the 
mechanical and degradation properties of the hybrid. Failure of many artificial 
composites is through poor interfacial bonding.  
Initially, class I hybrids were synthesised. Class I hybrids are defined as hybrid 
systems having two or more phases with one or more of the phases having nanoscale 
features and the different phases interact by weak dipolar interactions, hydrogen 
bonding or ionic bonding. For these class I hybrids the polymer poly-γ−glutamic acid 
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(γ−PGA) was incorporated into the inorganic sol as Na+, Ca2+ salts and free acid 
forms. Each polymer form had to be treated differently before addition to the sol.  
Class II hybrids are known to improve integration of the different phases and to 
increase the strength of the interfacial bonding over a class I hybrid. Class II hybrids 
are defined as having covalent bonding between the organic and inorganic phases. It 
is expected that by changing the extent of interfacial bonding, the degradation rates 
and failure strength of the hybrid could be tailored. It was therefore hypothesised that 
better performance hybrids could be fabricated by covalently linking the polymer to 
the inorganic.  
A major part of this chapter focuses on the fabrication and characterisation of class II 
hybrids where the polymer used is the crosslinker coupled polymer “nGC”, 
synthesised as described in the previous chapter. 
The degradation, mechanical properties and bioactivity in simulated body fluid of the 
hybrids were tested. Techniques such as FTIR, solid-state NMR, SEM, TEM and 
XRD were used to characterise the hybrids. Initially monoliths were produced. 
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5.2 Materials and methods 
5.2.1 Materials 
All materials were purchased from Sigma-Aldrich and used without further 
purification. The γ−PGA was purchased from two companies Natto Biosciences and 
Polyglu®. The crosslinker coupled polymer “nGC” was made as described in chapter 
4.  
5.2.2 Preparation of inorganic sol 
For the fabrication of the hybrids the polymer solution was added to an inorganic sol, 
which is a solution of prehydrolysed TEOS with and without calcium. TEOS was 
used as the precursor for the inorganic silica network while CaCl2 was used as the 
source for calcium instead of Ca(NO3)2 which is the calcium precursor used in the 
conventional sol-gel process. Hybrids were made with inorganic phases 100S and 
70S30C.  
Fabrication of 1 mole of 100S sol 
To 180 ml of deionised water, 72 ml of 1 N (1 molar) hydrochloric acid was added at 
room temperature. This was allowed to mix for 5 minutes then 223 ml of TEOS was 
added slowly. This was allowed to mix for 1 h.  
Fabrication of 1 mole 70S30C sol 
To 126 ml of deionised water 50.4 ml of 1 N hydrochloric acid was added at room 
temperature. After mixing for 5 minutes 156 ml of TEOS was added. After 1 h 
further mixing 33.5 g of CaCl2.2H2O was added. This was allowed to mix for 1 h 
unless otherwise stated. 
5.2.3 Preparation of class I hybrids 
The γ−PGA free acid as purchased was, insoluble in the sol. Therefore, two different 
routes were tried for the synthesis of class I hybrids. The sodium and calcium poly-
glutamate salts were dissolved in water and added to sol and in the other the free acid 
γ−PGA was dissolved in DMSO before adding to the sol. 
 115
Na+ γ−PGA/100S hybrid sol 
The sodium salt poly-γ-glutamate received from Polyglu® was dissolved into water 
and added to the 100S and 70S30C sols to make hybrids with and without calcium, 
respectively. Hybrids were made containing 20 wt% and 40 wt% Na+ γ−PGA. The 
weight of the inorganic was calculated based on a molecule of TEOS gives one SiO2, 
since the amount of TEOS is known in a given volume of the sol the total weight of 
SiO2 can be calculated. Meanwhile for the 70S30C 0.7 mol% of SiO2 and 0.3 mol% 
CaO were taken as final constituents of the inorganic. The polymer was used as 
received powder and appropriate amounts of it were used. 
For the fabrication of 20 wt% polymer hybrid 1.73 g of Na+ γ−PGA was dissolved 
into 5 ml of deionised water and was mixed with 50 ml of 100S sol to generate 
8.65 g of 20 wt% γ−PGA/ 80 wt% SiO2 hybrid. This mixture was then poured into 
moulds and some were left to gel with time and others gelled with 5 vol% HF. The 
volume of HF was varied to between sol/HF ratio of 5 to 33. 
Ca2+ γ−PGA/100S hybrid sol 
Free acid γ−PGA received from Natto Biosciences was first neutralised by slowly 
adding calcium hydroxide (Ca(OH)2) to a suspension of γ−PGA powder in water. 
Ca(OH)2 was added until all the γ−PGA dissolved and the solution became clear. For 
1 g of γ−PGA 0.29 g of Ca(OH)2 was added to fully neutralise the carboxylic acids. 
After neutralisation, the calcium poly-γ−glutamate, dissolved in water, was mixed 
with 100S sol. The mixtures were then poured into moulds and gelled. Table 5.1 
shows the different compositions that were made using the Ca2+ γ−PGA.  
As an example of the fabrication route, the fabrication of 57 wt% polymer containing 
hybrid is described. 5 g of γ−PGA was suspended into 10 ml of deionised water, to 
which 1.1 g of Ca(OH)2 was slowly added. Then the neutralised polymer was added 
Table 5.1.  The three compositions of the Ca2+ γ−PGA/ 100S hybrids synthesised. 
Polymer (wt %) Ca2+ (wt %) SiO2 (wt %)
22 5 73
27 6 67
57 13 30  
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to the 100S sol that contained 10 ml of deionised water, 1.2 ml of 35.4 wt% HCl and 
9.2 ml of TEOS.  
Free acid/ 70S30C 
Hybrid containing 40 wt% polymer was made by dissolving 5 g of free acid γ−PGA 
received from Natto Biosciences into 25 ml of DMSO. To this γ−PGA DMSO 
mixture 4.7 g of CaCl2 was added. This was then added to a sol containing 39.25 ml 
of water, 13.6 ml of 1 N HCl and 20.45 ml of TEOS. The mixture was left to mix for 
an hour before pouring into moulds and sealed. Some of these were left to gel at 
room temperature and others gelled with 5 vol% HF. The HF used was kept constant 
to a sol:HF ratio of 17. 
5.2.4 Preparation of Class II hybrids 
Class II hybrid sol 
This section describes the fabrication of class II hybrid containing 40 wt% organic 
and 60 wt% inorganic. This 40/60 ratio of the organic/inorganic was chosen to 
represent the organic/inorganic wt% in bone [179]. The preparation of the inorganic 
70S30C sol is described in section 5.2.2. The organic phase is the crosslinker 
coupled γ−PGA nGC (Chapter 4). Refer to Table 5.2 for the exact quantities of the 
constituents of the class II hybrid sol. 
DMSO (B.P. = 189°C and vapour pressure = 0.42 mmHg (56 Pa)) was the solvent 
used in the coupling reaction this was evaporated from the nGC polymer before it 
was added to the inorganic sol. The as prepared nGC functionalised polymer mixture 
was poured into a 500 ml single necked round bottomed flask. The flask was 
Table 5.2.  Reagent quantities used for the fabrication of the class II hybrids with 
40/60 wt% polymer. 
Crosslinking
Polymer 
(g)
DMSO 
(ml)
GPTMS 
(g)
Water 
(ml)
1N HCl 
(ml)
TEOS 
(ml)
CaCl2 
(g)
5GC 2 20 0.733 9.3 3.1 9.7 2.41
10GC 2 20 0.366 8.5 2.9 8.8 2.12
25GC 2 20 0.147 8.1 2.7 8.4 1.88
50GC 2 20 0.073 7.5 2.6 8.2 1.88
100GC 2 20 0.037 7.7 2.6 8.1 1.85  
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attached to a rotary vacuum evaporator (RVE) and immersed into the water bath 
heated to 80°C. Figure 5.1 shows the RVE setup used for the evaporation. Different 
amounts of DMSO were evaporated out of the 5GC+DMSO solution. The time taken 
to evaporate a given amount of DMSO depends on the applied vacuum and the 
solution temperature. After evaporating for few minutes the flask containing the 
evaporating solution was weighed to measure the amount of DMSO evaporated. 
Once the given amount of DMSO was evaporated the RVE was stopped. At 80°C 
and with a high powered vacuum pump evaporation was done for approximately 20 
minutes to remove 60 vol% DMSO (refer to Results section for more details). The 
100S or 70S30C sol mixture was then added into the silanated polymer and allowed 
to mix at room temperature with a magnetic stirrer. Between 5 ml to 25 ml of the 
hybrid sols were aliquoted into polymethylpentene (PMP) and perfluoroalkoxy 
(PFA) moulds for gelling with and without 5 vol% HF. The volume of HF was 
varied between a sol:HF ratio of 5.5 to 17. Table 5.2 shows the amounts of 
crosslinker coupled polymer, TEOS, deionised water, 1 N HCl and CaCl2 used for 
the fabrication of 40 wt% polymer class II hybrids. The Table 5.2 also shows the 
small changes in the required material with changes in amount of crosslinking.  
Heat Treatment 
The sealed moulds were transferred to a heated oven and aged at 60°C for 72 h. The 
caps were then unscrewed to allow vapour release during drying. The samples were 
Evaporating 
flask
Vapour-duct
Motor 
control
Receiving 
flask
Flange condenser
Water 
in/out To cold trap and 
vacuum
Introduction 
tube with tap 
key
Figure 5.1.  Rotary vacuum evaporation (RVE) setup used in the experiment. 
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then dried at 60°C for another 100 h and allowed to cool to room temperature. Some 
samples were then dried at 60°C in the vacuum oven with an average pressure of 70 
mmHg for another 100h. 
Figure 5.2 shows the flow diagram of the hybrid fabrication process. It also shows 
the terms used to refer to the materials at different stages of the hybrid fabrication. 
Incorporation of Calcium 
Many different ways of incorporating the calcium into the hybrid were tried. As an 
alternative to incorporating calcium as the 70S30C sol, calcium ions can be 
incorporated into the hybrid by: 
1. dissolving CaCl2 in the 5GC+DMSO mixture then evaporating in RVE; 
2. dissolving CaCl2 in water and adding it to RVE evaporated 5GC+DMSO 
mixture; and also by 
3. exposure of a dried 100S/γ−PGA hybrid to an aqueous solution containing 
Ca2+ ions. 
+ Sol (hydrolysed TEOS in water 
and HCl)
+ 5 vol% HF
+ CaCl2
Nanocomposite sol
Crosslinker coupled to polymer in 
DMSO nGC polymer
Evaporation of DMSO 
(50 vol% – 90 vol%) RVE’d nGC polymer
Dry at 60°C Dried nanocomposite
Age at 60°C Aged nanocomposite
 
Figure 5.2.  Flow diagram of the organic/inorganic hybrid fabrication. 
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5.2.5 Techniques used for characterisation of hybrids  
Measurements were performed using several techniques namely FTIR, 
29Si MAS NMR9, nitrogen sorption, SEM, transmission electron microscopy (TEM), 
XRD and μCT were used. XRD10, FTIR, NMR and SEM are described in Chapter 4. 
μCT is described in more details in Chapters 2 and 3. 
N2 sorption 
Nitrogen sorption was performed on the Quantachrome® – Autosorb® - 6 (AS6). 
Samples were first degassed using Autosorb® degasser overnight at room 
temperature and at high vacuum to remove contaminants such as water and DMSO. 
Once degassed the sample tube was filled with helium and weighed before 
transferring to the Aurosorb®-6. The evacuated sample was then lowered into a 
liquid N2 bath and brought to 77.2 K. The adsorbate N2 was admitted gradually into 
the glass tube containing the sample (adsorbent) as a function of pressure. The N2 
molecules adsorb on the surface and tend to form a thin layer that covers the 
adsorbent surface. Further addition of N2 gas in steps forms multiple layers by the 
adsorption of N2 on the previous layer. An adsorption isotherm is first generated as a 
function of P/P0 (where P = equilibrium pressure and P0 is the saturation pressure) 
against the volume of N2 adsorbed (Figure 5.3). Then the adsorbate is desorbed and a 
desorption isotherm is also recorded.  
The surface area of the sample can be calculated by applying the Brunauer, Emmett 
and Teller (BET) theory (Equation 5.1) to the first part of the adsorption isotherm 
that corresponds to monolayer formation, which is often at relative pressure between 
0.05 < P/P0 < 0.35 [180].  
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where P and P0 are equilibrium and saturation pressure, v and vm are the volume of 
gas adsorbed at that particular P/P0 and monolayer and c is the BET constant. 
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P  on the x axis gives a straight 
line with gradient M and intercept C. The constants vm and c can be expressed as 
                                                 
9 Solid-State NMR for this Chapter was performed by Claudia Ionescu, Prof. Mark Smith. 
10XRD runs were performed by Zoe Wu. 
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the Avogadro’s number, s the adsorption cross section, V molar volume of N2 gas 
and a molar weight of N2 [181]. 
The pore size distribution of the sample can also be plotted by applying the BJH 
model to the desorption branch of the isotherm using methods developed by Barrett, 
Joyner and Halenda (BJH) [182].  
After filling to 100 % of saturation the total pore volume can also be calculated using 
the density of the adsorbate.  
TEM  
A JEOL 2000FX and JEOL 2010 TEM microscopes both equipped with a LaB6 
filament were used for TEM studies [183]. Operating voltage of 200 kV was used in 
the experiments. Thin samples of the order of tens of nanometers are required for 
TEM studies. Samples for TEM were prepared through the particle suspension route. 
Solid samples were ground to fine powder in liquid nitrogen then dispersed in either 
ethanol or acetone. A drop of the suspension was then pipetted onto a carbon 
membrane copper grid. The grid was left to dry in air at 60°C for few minutes. 
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Figure 5.3.  Typical N2 adsorption and desorption isotherms of the sol-gel glasses. 
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5.3 Results and Discussion 
Before beginning the results and discussion on the hybrids produced it is important to 
state here why the term nanocomposite was used in place of the hybrids. The organic 
and the inorganic phases may separate during the synthesis, leading to a macro 
composite. Therefore these do not fall under the category of a hybrid. However, 
since the inorganic phase of these hybrids were made up of a network of silica 
particles that were less than 100 nm in size, they can be termed nanocomposites.  
5.3.1 Class I nanocomposite  
All the class I nanocomposites were found to have extremely rapid degradation and 
large scale phase separation. The improvement to this came in class II 
nanocomposites, where the organic and the inorganic were covalently bonded to each 
other and hence the two phases were well integrated resulting in homogeneity and 
slower degradation rates. Therefore this chapter will focus primarily on the class II 
nanocomposites and the results and discussions of the class I nanocomposites are 
included in the Appendix B and the images showing the dissolution of class I and 
class II in water are shown in Appendix C.  
5.3.2 Synthesis of class II nanocomposites 
Introduction 
The development of this novel system followed an informed trial and error route. 
While solving one problem, new problems often arose, which in turn had to be 
solved before moving on to the original problem. In this approach to the synthesis of 
class II nanocomposite the first problem to solve was the optimisation of the amount 
of polymer and inorganic to be used. In an organic/inorganic composite the 
flexibility and strength can be controlled by varying the amounts of the organic and 
inorganic phases used. For example, on one hand having large amounts of the 
inorganic would result in a strong but brittle composite and on the other hand 
composites with large amounts of organic would result in soft but tough materials. 
By fixing the organic/inorganic composition to 40/60 wt% it was decided that the 
crosslinking would be controlled to result in a rigid but tough nanocomposite.  
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Before the amount of crosslinking could be optimised a problem was encountered 
with the method of incorporation of the polymer to the sol. The GPTMS coupling to 
γ−PGA was done in DMSO which is a polar aprotic solvent with one of the highest 
dielectric constants. If the crosslinker coupled polymer is added to the sol with the 
DMSO this will have influences on the hydrolysis and condensation of the inorganic 
sol. To avoid this, DMSO had to be evaporated from the crosslinker coupled polymer 
then the polymer could be added to the sol as a solid. This was tried but evaporating 
DMSO was extremely difficult at low temperatures and as the DMSO evaporated the 
polymer started to crosslink to itself through the silane ends of the GPTMS. The 
evaporated GC polymer then became insoluble in sol, water or even in DMSO. This 
indicated that the crosslinking was strong and could not be hydrolysed by water 
molecules, which would be a benefit for the nanocomposite system. To overcome the 
polymer incorporation problem it was added to the sol with the DMSO after the 
crosslinker coupling reaction. However, to minimise the affect of DMSO on the 
hydrolysis and condensation of the TEOS large amounts of DMSO were removed 
from the GC polymer + DMSO mixture before adding to sol. Therefore it becomes 
important to study the influence of the DMSO on the hydrolysis and condensation of 
TEOS.  
No effect on the hydrolysis of TEOS by DMSO is expected as TEOS is a nonpolar 
molecule and provided that there is water in the sol and the pH is acidic or alkaline, 
TEOS will hydrolyse to form silanols. However, DMSO is expected to have a major 
influence on the condensation of the silanols. It was reported in literature that 
the -OH groups of the silanols will form hydrogen bonds with strong hydrogen 
bonding solvents [126]. DMSO is a strong H-bond acceptor therefore it will occupy 
these -OH groups and either prevent or encourage condensation, which in effect will 
respectively increase or decrease gelling time of the sol. Therefore the amount of 
DMSO removed and the influence on the gelling time becomes important and forms 
the first part of this section.  
In order for a material to be bioactive it should form hydroxy carbonate apatite 
(HCA) in SBF solution within 3 weeks [4]. Although glutamic acid in the 
nanocomposite is thought to provide nucleation sites for HCA [154], inclusion of 
calcium in the nanocomposite should enhance the bioactivity and form HCA faster. 
Reports have also been published which show that the release of Si and Ca ions are 
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found to stimulate osteoblasts [184]. Therefore the incorporation of calcium into the 
nanocomposite sol was investigated next.  
The synthesis of the calcium containing bioactive nanocomposite was achieved by 
adding calcium as CaCl2. The CaCl2 addition to the nanocomposite was tried at 
several different stages of the nanocomposite synthesis. It was found to have a major 
influence on the overall mechanical properties of the nanocomposite. The CaCl2 as 
the calcium precursor presented major problems associated with mixing, phase 
separation and calcium chloride formation during and after drying of the 
nanocomposites.  
Thirdly, the optimisation of the amount of crosslinking between the polymer and 
glass was studied. The amount of crosslinking was critical in obtaining an elasto-
plastic nanocomposite. Too much crosslinking would result in a very strong but 
brittle materials while too little crosslinking would result in an extremely flexible 
polymer like material. It was important to get the right crosslinking which would 
produce a nanocomposite with the toughness, flexibility and strength to match 
trabecula of human cancellous bone. 
Finally, the drying of the gelled nanocomposites was investigated. After gelling of 
the nanocomposite it was aged and dried to complete the reaction and remove 
solvents, respectively. As DMSO has a high boiling point and low vapour pressure, 
the removal of DMSO from the aged nanocomposite gel was difficult. Heating at 
high temperatures was not an option as this would degrade the polymer. The drying 
was performed at temperatures considered safe for the polymer, steam and vacuum 
drying were also tried to reduce DMSO present in the dried nanocomposite.  
5.3.3 Influence of DMSO on class II nanocomposite 
Rotary vacuum evaporation (RVE) was employed to evaporate DMSO without 
degrading the polymer. The influence of DMSO on the sol-gel reactions of the 
organic/inorganic hybrids was investigated on the 50GC crosslinker coupled polymer 
nanocomposite (refer to table 5.2). Samples were produced with and without the 
addition of CaCl2 and 5 vol% HF. 
Use of DMSO not only influenced the gelling time but also another unexpected and 
interesting influence on the nanocomposite organic/inorganic phase separation 
during mixing was found.  
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Influence of DMSO on solubility of nanocomposite sol 
DMSO was found to increase the compatibility of the two different phases in the 
nanocomposite sol. With higher amounts of DMSO in the nanocomposite sols, 
organic and inorganic phase separation was eliminated at the mixing stage. Whereas, 
the class I nanocomposites, which did not utilise DMSO, were only able to 
accommodate a maximum of 20 – 40 wt% polymer without precipitation, the class II 
nanocomposites with GC polymer were soluble at all polymer wt%. This solubility 
difference is presented in Figure 5.4. The main difference being that the polymers 
introduced in DMSO were fully soluble at all polymer contents while the other two 
had a limited solubility.  
The polymer γ−PGA forms strong hydrogen bonds to itself, exhibiting a hydrophobic 
nature. The hydrolysed silanes in the sol are on the other hand hydrophilic therefore 
with more and more hydrolysis of the TEOS, the sol becomes more hydrophilic. This 
would induce the polymer to separate out of the sol if the inorganic was the dominant 
phase. The increase in solubility of the polymer in the sol with DMSO as the solvent 
was thought to be caused by the excellent hydrogen bond proton acceptability of 
DMSO. As polymer is introduced into the DMSO, the DMSO would deprotonate the 
amine (=N-H) involved in H-bonding and solubilise the polymer. The hydrogen 
bonds that existed between the polymers would then be replaced with bonds between 
the polymer and the DMSO. DMSO was also found to be miscible in the sol, hence 
once the GC polymer in DMSO was added to the sol it was also miscible. Here the 
DMSO played an active role in preventing the polymer from precipitating. Therefore 
DMSO was functioning to disperse the long polymer chains within the inorganic sol 
Class I – Ca2+ γ-PGA
Class I – Na+ γ-PGA
Class II – nGC poly. in DMSO
Class I – γ-PGA in DMSO
GC Polymer
0
100
100
0
20/80 40/60 60/40 80/20
Soluble Partially soluble Insoluble
Fully soluble
SiO2
Fully soluble
Soluble Partially soluble Insoluble
Organic/ Inorganic  wt%
Figure 5.4.  Schematic of maximum solubility of polymer in class I and class II 
systems with increasing polymer content. 
 125
as well as stopping the polymer crosslinking to it before the addition. Table 5.3 
shows the range of DMSO evaporated for the different crosslinker coupled polymers 
used. For example, the 50GC crosslinker coupled polymer the critical point was 
reached after 80 vol% of DMSO was removed, i.e., for 2 g of γ−PGA, 20 ml of 
DMSO was used so when 80 vol% was removed it meant 16 ml of DMSO was 
removed from the original 20 ml. Further evaporation was not possible due to the 
polymer becoming extremely viscous and began to bond to the evaporating flask. 
This would prevent it from dissolving in sol or the water. With the maximum amount 
of DMSO evaporated (> 80 vol%) from the crosslinker coupled polymer phase 
separation was observed after adding to the inorganic sol leading to translucent 
nanocomposite sol. This observation will be discussed further in the following 
sections.  
Influence of DMSO on gelling 
Table 5.4 shows the influence of DMSO removal on the gelling time of the GC 
polymer/SiO2 nanocomposite with 40/60 wt% composition gelled with and without 
HF catalyst. Initially, the GC polymer was added to the sol without removing any 
DMSO (i.e., 0 vol% removed), resulting on gelling time of over a month without any 
HF added. The gelling time was reduced to 25 h for the same nanocomposite gelled 
with HF.  
The general trend seen from Table 5.4 was that without adding HF, the gelling time 
reduced when high vol% DMSO was evaporated. The gelling time without HF for 
the 60 vol% evaporated nanocomposite sol was around 30 days, by evaporating a 
further 20 vol% the gelling time reduced to 10 h. This indicates that the DMSO has a 
great influence on the condensation of the silanols, as expected. However, this was 
not the case for the samples gelled with HF.  
Table 5.3.  Crosslinker coupled polymer and the amount of DMSO evaporated 
with RVE. 
 Crosslinking DMSO (ml) DMSO RVE’d (ml) DMSO RVE’d (vol %)
5GC 20 10 50
10GC 20 10 50
25GC 20 13 65
50GC 20 10.0 – 16.0 50 - 80
100GC 20 16.0 – 18.4 87 - 92  
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The table shows that the removal of DMSO appeared to increase the gelling time for 
the samples gelled with HF from 4.5 minutes at 60 vol% to 6.3 minutes at 80 vol% 
evaporation. This indicates that the higher concentration of DMSO/TEOS seems to 
have catalysed the HF gelling reaction. It was reported in literature that the rates of 
the condensation reaction involving anions in DMSO are often increased by several 
orders of magnitude [185]. However, on the contrary when no DMSO was 
evaporated (DMSO/TEOS mixture with the highest ratio) the gelation took 25 h. A 
plausible explanation for this observation could be that the increase in the ratio of 
DMSO to hydrolysed TEOS mixture has two contrasting effects on the gelation 
behaviour; a higher number of H-bonding group to act as catalysts for gelation vs a 
lower number of hydrolysed TEOS molecules for network-formation. It seems, for 
the system studied here, the increase in concentration of DMSO somewhere below 
the 60 vol% evaporation decreased the concentration of material available to form 
network, this in affect increases the gelation time.  
Addition of HF 
After gelling with HF, the gels turned opaque, indicating some phase separation 
and/or pore formation occurred. The dried nanocomposite disks were found to be 
opaque and white (Figure 5.6). It was hypothesised that the rapid gelling mechanism 
of the inorganic by the HF was either fixing the organic within the inorganic or phase 
separating to form macro particles of the organic. Evidence of only phase separation 
occurring was seen on SEM images shown in Figure 5.5. The figure shows two SEM 
images of class II nanocomposites of 50GC polymer/SiO2 with 40/60 wt% 
compositions.  
Table 5.4.  Table of DMSO evaporated using RVE and the gelling time of the 
nanocomposites with and without HF. 
 
Without HF HF (sol:HF = 17:1)
0 > 30 days 25 h
60 ~ 30 days 4.5 mins
65 < 21 days 6.2 mins
70 3 – 5 days -
80 < 10 hours 6.3 mins
DMSO removed 
(vol%)
Gelling time
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Figure 5.5(a) shows macrophase separation where polymer has precipitated out of 
the inorganic matrix, which is partially bonded to the inorganic, regime 5.5(b) shows 
the inorganic nanoparticles of the same nanocomposite at higher magnification. The 
nanoparticles as with any inorganic sol-gel materials make up the nanocomposite 
matrix network. The polymer phase was laid down on top of the pre-formed 
inorganic network. This indicates that the HF had first condensed the hydrolysed 
TEOS after which the silanes of crosslinker GPTMS may have condensed. Husing et 
al. [125] have found that a sol mixture of TMOS (tetramethoxysilane) and GPTMS 
reacted under basic conditions, the gel network was entirely built from TMOS, while, 
the GPTMS acts as a co-solvent. Once the TMOS reactions were complete the 
GPTMS condensed onto the TMOS gel network. They also showed that the GPTMS 
played no role in the network structure and that there was a maximum amount of 
GPTMS which can condense onto the initial TMOS gel network. This meant that the 
remaining GPTMS will have to condense to itself. However, its mobility would be 
strictly retarded once the initial TMOS network was formed.  
500 nm
(a)
100 nm
(b)
Figure 5.5.  SEM images of nanocomposites gelled with HF showing large scale 
phase separation (a) and local phase separation (b).  
5 mm  
Figure 5.6.  Dried nanocomposite disk gelled with HF. 
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Nanocomposites without HF 
The samples gelled without HF maintained their transparency after gelling, but there 
were some which had large phase separation and formed two layers of gel, as was 
observed with the class I free acid γ−PGA nanocomposite, and some which turned 
translucent and others remained transparent. However, unlike the class I free acid 
γ−PGA nanocomposite, the phase separated gels maintained the two layered 
structure even after drying as shown in Figure 5.7(a). Figure 5.7 shows images of the 
dried nanocomposites gelled without HF; (a) phase separated two layered material, 
(b) the translucent and (c) the transparent. For the nanocomposites in Figure 5.7(a), 
(b) and (c) 65, 65 and 80 vol% DMSO were RVE’d, respectively. The 
nanocomposites (a) and (b) were left to gel in room temperature and gelation was 
complete after 20 days, while the nanocomposite (c) was gelled at 60°C. Gelation at 
higher temperature was accelerated, but was still slower than the HF gelling.  
Figure 5.8 shows the SEM images of the phase separated nanocomposite shown in 
Figure 5.7(a). The nanostructure and microstructure of the two layered material white 
(Figure 5.8(a & c)) and brown (Figure 5.8(b & d)) are shown. The microstructures in 
Figure 5.8(a) shows spherical particles larger than 5 μm were formed. The 
nanostructure of one such particle in Figure 5.8(c) shows that it was also made up of 
particles that were just smaller than 100 nm.  
Figure 5.7.  Dried nanocomposites gelled without HF. Image (a) total phase 
separation leading to two layers of materials, (b) translucent and (c) transparent 
nanocomposites after drying. 
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This white material of the phase separated nanocomposite was shown to be mostly 
composed of the inorganic phase by FTIR in Figure 5.9. Figure 5.9 shows the FTIR 
spectra of the two phase separated materials and for comparison a transparent 
nanocomposite. The spectra has been normalised with the Si-O band at 1043 cm-1 to 
highlight the change in polymer phase between the two phase separated layers. The 
white layer has very small absorbance for the amide bands which arise from the 
polymer, indicating that the material was mainly composed of the silica network. 
High intensity absorbance for the amide bands was observed for the brown material, 
indicating that large amounts of polymer was present within it. The SEM images of 
the brown material in Figure 5.8(b & d) also show that it was much less porous and 
that the nanoparticles were smaller than 50 nm. The microstructure shows 5 μm sized 
particles, where all the particles were roughly the same size indicating that the 
growth of the particles was controlled.  
Figure 5.10 shows the SEM images of the translucent (a) and transparent (b) 
nanocomposites gelled without HF. The translucent nanocomposite shows some 
phase separation while the transparent nanocomposite does not show any phase 
100 nm
5 μm
(d)
(a)
(c)
(b)
5 μm
100 nm
Figure 5.8.  SEM images of the dried nanocomposite that phase separated during 
gelling to form two layers; white (a & c) and brown (b & d). 
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separation. The SEM images also seem to show that the polymer phase has 
interpenetrated and enveloped the inorganic nanoparticles. 
Summary 
So far it can be concluded that the loss of transparency of the nanocomposites was 
due to the separation of the organic/inorganic phases and the change in colour of the 
nanocomposites from yellowish/ brown to white was associated with both phase 
5001000150020002500300035004000
Phase separated white layer
Phase separated brown layer
Transparent nanocomposite
O-H
932
Si-O
1043
Amide 
1& 2C=O
1724
Wavenumber cm-1  
Figure 5.9.  FTIR spectra of the two layers formed by the phase separated 
nanocomposite and the transparent nanocomposite. 
100 nm200 nm
(b)(a)
Figure 5.10.  SEM images of the (a) 65 vol% DMSO evaporated translucent and 80 
vol% DMSO evaporated transparent nanocomposites gelled without HF.  
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separation and pore formation. So two questions arise; 1) what causes phase 
separation and 2) why gelling with HF causes phase separation to be more severe? 
The answer lies in the surface charges of the organic and inorganic constituents and 
their compatibility. The inorganic has a negative change due to the Si-OH groups. 
The free acid γ−PGA also has a negative charge due to the carboxylic acids, due to 
its high H-bonding ability it folds into a tight regular structure and becomes 
hydrophobic. The negative charges of the inorganic and γ−PGA repel each other, 
giving rise to incompatibility and phase separation. Phase incompatibility can occur 
at several stages of the nanocomposite synthesis: 
1. in the sol mixing; 
2. gelling; 
3. aging and drying stages. 
In this system of class II nanocomposite several ingredients can also increase or 
decrease the phase separation. Increased concentration of DMSO was found to 
decrease phase separation at the sol mixing stage. However, during gelling without 
HF it had mixed affects. When large amounts of DMSO (< 65 vol% RVE’d) was 
present micron sized particles of phase separated inorganic and organic were formed. 
The increased time for gelation due to DMSO was held responsible for this affect. By 
speeding up the gelation by heating it was found that the phase separation was 
restricted. However, even further acceleration using HF gelation  led to increased 
phase separation. It was concluded that the HF was gelling only the inorganic 
therefore increasing phase separation.  
The highest amount of DMSO that could be evaporated was found to be 80 vol%. 
However, a further decrease in concentration of DMSO in the nanocomposite sol 
induced phase separation at the sol mixing stage. Therefore for the 50GC 
nanocomposites, transparent nanocomposites could be achieved when RVE was 
performed to evaporate between 65 vol% and 80 vol% DMSO and gelling was done 
at 60°C.  
Due to the higher homogeneous distribution of the polymer phase in the 
nanocomposites gelled without HF, they were found to be tougher than the ones 
gelled with HF.  
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5.3.4 Addition of calcium to class II nanocomposite 
For the fabrication of conventional inorganic 70S30C sol-gel glasses calcium nitrate 
is used as the calcium precursor. This calcium precursor produces nitrates as a by-
product which are toxic to most living organisms. In the 70S30C glasses the nitrates 
are burnt off during the stabilisation process which involves heating the glasses to 
600°C. Ca(NO3)2 as the calcium precursor for the nanocomposites was unsuitable as 
they can not be heated to such high temperatures. An alternative to Ca(NO3)2 was 
CaCl2 which is also highly soluble in water and the by-product of CaCl2 is Cl- which 
is tolerated to some degree in the human body.  
Influence of CaCl2 on solubility of nanocomposite sol 
It is known that the salt precursors of calcium would dissociate to form Ca2+ and 2X- 
(X = NO3- or Cl-) in the sol but once gelled and during drying, the dissociated ions 
would combine to form CaX2 and redistribute heterogeneously [186]. Carboxylic 
acids are very efficient at ionically bonding to cations such as Ca2+. For the 
nanocomposite, the presence of the carboxylic acid groups in the polymer would help 
with the permanent dissociation of the CaCl2. Therefore initially, the CaCl2 was 
added to the crosslinker coupled polymer before RVE was applied. The CaCl2 was 
highly soluble and increased the viscosity of the solution as expected. This meant 
that removing large quantities of DMSO (> 50 vol%) by RVE was not possible. The 
addition of CaCl2 to the polymer after DMSO evaporation was also not possible as 
the viscosity was too great at this point. Therefore the CaCl2 had to be dissolved in 
water then added to the evaporated polymer. The resulting mixture was a transparent 
yellowish coloured solution. To the RVE polymer + CaCl2 solution, TEOS followed 
by water and HCl were added for the nanocomposite sol preparation. As with the 
polymer + CaCl2 solution the nanocomposite sol was also observed to be a 
transparent yellowish colour. However, the incorporation of calcium was also found 
to reduce transparency of the nanocomposite sol when large amount of DMSO was 
evaporated at the RVE stage. As an example, the nanocomposite sol with the 50GC 
crosslinker coupled polymer (Table 5.2) and 60 vol% DMSO RVE’d no phase 
separation was observed, but once CaCl2 was added the nanocomposite sol became 
translucent due to precipitation of a phase that was rich in polymer. This indicates 
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that the CaCl2 was also influencing the optical properties of the nanocomposite sol 
by crosslinking the polymer network. 
Influence of CaCl2 on gelling 
The addition of CaCl2 had some influence on the gelling of the nanocomposite with 
and without the use of HF. It was found that when CaCl2 was present the 
nanocomposite gelled more slowly. For a 50GC crosslinker coupled polymer 
nanocomposite with 65 vol% DMSO evaporated gelation without HF took less than 
21 days while for the same nanocomposite with CaCl2, gel formation was not 
complete after 21 days. When HF was used the sample without CaCl2 gelled in 6.2 
minutes while the sample with CaCl2 took 6.5 minutes. This indicates that the 
presence of CaCl2 was hindering gel network formation.  
Although a large difference in gelling time with and without HF was not noticed, the 
optical properties of the dried nanocomposites showed the opposite trend to the 
samples that did not contain CaCl2 (discussed in the DMSO section). The 50GC 
nanocomposites containing CaCl2 after drying were found to retain the yellowish/ 
brown colour of the sol only when they were gelled with HF. When these samples 
were left to gel phase separation occurred and almost all the samples formed the two 
layered materials as observed before (Figure 5.7(a)).  
Influence of CaCl2 on silica network. 
Figure 5.11 shows the 29Si NMR of the 50GC polymer nanocomposite with and 
without CaCl2. First of all, the addition of CaCl2 reduced the signal/noise ratio which 
meant the data collection had to be performed for longer (72 h and 24 h for with and 
without CaCl2, respectively). Even after collecting for 72 h the intensity of the peaks 
was very much smaller than the samples without CaCl2, indicating that the moisture 
present in the sample due to CaCl2 was greatly influencing the data collection. The 
relative proportions and chemical shifts of each species corresponding to the Tn and 
the Qn chemical shifts are presented in Table 5.5 after deconvolution of the peaks in 
Figure 5.11. The degree of condensation (DC) was calculated using equation 5.2.  
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⎡ ++++++=  (5.2) 
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Peaks corresponding to T3, Q2, Q3 and Q4 were detected, interestingly as observed by 
Ren et al. [133] in the gelatin+GPTMS systems a shoulder to the T3 peak towards the 
lower magnetic field (δ ≈ 60 ppm) was observed and termed as T3’. Both spectra 
show extremely low amounts of the Tn compared to the Qn species. This was as 
expected due to the low GPTMS:TEOS ratio of 0.0085 for these samples (Table 5.2). 
The CaCl2 containing 50GC sample has roughly 10 % more Q3 and 10 % less Q4 
units compared to the sample without CaCl2, respectively. This indicates that the 
presence of CaCl2 has reduced the condensation of the silicate species. The DC also 
reflects this lower condensation of the CaCl2 samples. This indicates that the calcium 
enters the silica network, there by disturbing the silica network.  
Table 5.5.  Chemical shifts and relative portions of Tn and Qn species in the 
nanocomposites with and without CaCl2. 
Sample DC
δ I δ I δ I δ I
(ppm) (%) (ppm) (%) (ppm) (%) (ppm) (%) (%)
50GC_ -61.1 1
CaCl2 -65.3 0
50GC_ -60.7 1
no CaCl2 -65.3 1
-111.5 71 91.9-92.3 4 -101.7 23
33 -111.1 60 88.8-92.1 6 -101.5
T3’/T3 Q2 Q3 Q4
 
-140-120-100-80-60-40
50GC_CaCl2
50GC_no CaCl2
Chemical Shift (ppm)
Qn
Tn
 
Figure 5.11.  29Si NMR spectra of the 50GC polymer nanocomposite showing the 
influence of CaCl2. 
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Influence of CaCl2 on nanostructure  
Figure 5.12 shows the FTIR spectra of a 50GC nanocomposite that contains CaCl2. 
The FTIR shows sharp bands for the C=O, Amide I and II, CH3 rocking and O-H 
vibrations. The CH3 rocking vibrations of the DMSO molecule has an absorbance 
band usually observed at 1018 cm-1 was shifted to 1009 cm-1 due to interactions with 
the polymer. This indicates that after drying there was some residual DMSO in the 
nanocomposites containing CaCl2. The CaCl2 is also known for its hydroscopic 
nature and so it also absorbs water molecules when left in air. Therefore the 
nanocomposites that contain CaCl2 not only has DMSO they also have water. 
Figure 5.13 shows the FEG-SEM images of nanocomposite samples prepared with 
and without CaCl2. The nanocomposite without calcium chloride (Figure 5.13(b)) 
shows the typical particle formation seen in sol-gel glasses. The SEM image of 
sample with CaCl2 (Figure 5.13(a)) shows the same inorganic particle structure (light 
grey) but more importantly the polymer phase (grey) is also visible in between the 
inorganic particles. The nanostructure shows the polymer phase to be interpenetrated 
between the inorganic particles and it also seems that the organic phase may form the 
matrix phase. Figure 5.14 shows the TEM image of a nanocomposite containing 
CaCl2. It clearly shows that the inorganic particles were dispersed in a polymer 
5001000150020002500300035004000
Wavenumber cm-1
O-H
948
Si-O
1041
CH3
1009
Amide 2
1549C=O1724
Amide 1
1647
Figure 5.12.  FTIR spectra of 50GC nanocomposite with CaCl2. 
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matrix. The sample for this study was prepared by grinding in liquid N2 and 
dispersing in ethanol. 
If the condensation of the inorganic TEOS was to precede the condensation of the 
organosilane GPTMS as shown by Herbert et al., the inorganic would form the 
continuous matrix phase. This was observed with SEM and TEM studies performed 
on another set of samples containing CaCl2 prepared for microscopy by dissolving 
the polymer out in water. These samples were stable and retained the initial shape 
(a) (b)
100 nm 100 nm
Figure 5.13.  SEM images of nanocomposite (a) with calcium chloride and (b) 
without CaCl2. 
25 nm
A
A
B
B
 
Figure 5.14.  TEM image of nanocomposite that contains CaCl2. Shows black and 
grey particles of silica (A) embedded in an organic matrix (B).  
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after the polymer dissolved away. This indicates that the inorganic was continuous. 
The SEM and TEM images of the samples with the polymer dissolved out are shown 
in Figure 5.15, which confirm that the inorganic was also continuous. Therefore it 
seems from Figures 5.14 and 5.15 that the two nanocomposites made with CaCl2 
have a different nanostructure caused by a difference in processing conditions or the 
two sample preparation techniques may have altered the nanostructure.  
When calcium was present in the nanocomposite, it was tougher than the 
nanocomposite without calcium. The nanostructure showed that for the calcium 
containing nanocomposite, both the polymer and inorganic were continuous phases 
while for the non-calcium nanocomposite only the inorganic was a continuous 
matrix. The fundamental difference between the polymer with and without calcium 
was the hydrophilic and hydrophobicity of the polymer, respectively. Especially at 
lower crosslinking (lower concentration of GPTMS, e.g. 100GC) the γ−PGA without 
calcium exhibits a hydrophobic nature due to H-bonding. Whereas the inorganic 
phase is hydrophilic due to the Si–OH bonds and as it gels its hydrophilicity 
increases. Therefore the hydrophobic polymer within a hydrophilic matrix leads to 
phase separation of the organic phase. So in the nanocomposite without CaCl2 the 
polymer was unevenly dispersed within the inorganic phase leading to a brittle 
nanocomposite. But once CaCl2 was added, the polymer became hydrophilic due to 
Ca2+ ion substitution at the carboxylic acid and so became compatible with the 
inorganic sol. Upon gelling of the nanocomposite sol the inorganic again forms the 
100 nm 50 nm
(a) (b)
Figure 5.15.  SEM (a) and (b) TEM images of a nanocomposite that contained 
CaCl2 shows the inorganic particle network left behind after dissolving the polymer. 
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matrix but the organic spreads itself through the inorganic particles therefore both the 
inorganic and the organic were continuous. However, one problem with this theory 
was that there was no evidence found to support the Ca2+ ionically charge balancing 
the polymer. Figure 4.5 shows the FTIR spectra of a Ca2+ γ−PGA salt. The C=O 
absorbance band for the carboxylic acid at ~1720 cm-1 disappears and a new band at 
~1560 cm-1 corresponding to the vibrations of the carboxylate anion. If Ca2+ was to 
charge balance the polymer in the nanocomposite this same phenomenon would also 
be observed in the FTIR spectra of the nanocomposite.  
Figure 5.16 shows the images of the 50GC (a,b), 10GC (c,d), 5GC (e,f) and 2GC 
(g,h) calcium containing nanocomposite monoliths being flexed between two fingers 
to demonstrate the toughness achieved. Highest flexibility was observed for the 5GC 
sample. Mechanical compression tests were not performed due to the difficulty in 
producing large monoliths for testing. 
5.3.5 Influence of crosslinking on class II nanocomposite 
Initially, a high degree of crosslinking was tried. The crosslinker coupled polymer 
5GC was added to the inorganic 100S sol with and without CaCl2. These were also 
gelled with and without HF. The different crosslinker concentrations tried were 5GC, 
10GC, 25GC, 50GC and 100GC. The crosslinking was also found to have marked 
influence on the processing of the nanocomposites. Table 5.6 shows the “theoretical 
mean distance between crosslinks” (TCL), which is the calculated theoretical 
distance between possible inorganic attachments on the polymer. An approximate 
calculation of the TCL was performed for the different crosslinking ratios using the 
(a)
(b)
(c)
(d)
(e)
(f)
(g)
(h)
Figure 5.16. Images to demonstrate the flexibility of the 50GC (a,b), 10GC (c,d), 
5GC (e,f) and 2GC (g,h) nanocomposite monoliths. 
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C-C bond length and assuming the polymer was linear after GPTMS coupling. For 
example; the 5GC sample, the polymer on average would have 1 GPTMS per 5 
monomers of γ−PGA, which means a total of 34 C-C bonds, 9 from GPTMS and 25 
from 5 glutamic acids. Therefore the distance between each coupling would be 0.154 
nm x 34 C-C bonds which equates to 5.236 nm. The length of collagen molecules in 
bone is 100 nm; here the lowest crosslinking ratio 100GC produces a distance of ~ 
78 nm. 
Influence of degree of crosslinking on mixing 
It was already discussed that both DMSO and CaCl2 addition influenced phase 
separation, DMSO more so than CaCl2. The bonding present between the organic 
and the inorganic can also influence the phase separation. Covalent bonding between 
the organic and the inorganic has been reported to result in higher phase 
compatibility.  
Two reasons were identified for the loss of transparency; 1) the polymer chains 
crosslink, or 2) the polymer loses its solubility in the nanocomposite sol.  
The presence of DMSO in the crosslinker coupled polymer prevents the hydrolysis 
and condensation of the GPTMS, therefore once the amount of DMSO in the 
solution is reduced the polymer can crosslink to itself and grow large enough to 
diffract light to make it appear translucent. The crosslinking can also be increased by 
the Ca2+ ionic crosslinking.  
The other reason for the loss of transparency was due to the reduction of DMSO to 
below a critical amount required to keep γ−PGA solubilised. However it was 
expected that after reacting the γ−PGA with GPTMS, the γ−PGA chains would not 
fold in a regular order to precipitate and hence the GPTMS coupled γ−PGA would be 
soluble in the sol. The GPTMS molecules would act as bulky side groups on γ−PGA 
Table 5.6.  Table of theoretical mean distance (TCL is the distance between the 
calculated crosslinking on polymer) for the different degree of crosslinks produced. 
Crosslinking Approximate TCL (nm)
5GC 5
10GC 9
25GC 21
50GC 40
100GC 78  
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and thus increase solubility. This is analogous to esterification of γ−PGA with alkyl 
iodide to increase solubility of γ−PGA in water and other solvents [187]. The 
solubility would then depend on the amount of esterification, i.e., amount of GPTMS 
used. Therefore the amount of crosslinking and the amount of DMSO that can be 
evaporated are closely related to each other.  
With higher crosslinking ratios (5GC to 50GC) it was found that when large amounts 
of DMSO were evaporated (beyond the limits given in Table 5.3), the polymer would 
bond to the evaporating flask by forming covalent linkages through the silanes of the 
GPTMS molecules to the surface of the evaporating flask. As crosslinking ratio 
reduced to 100GC from 50GC, there was considerably less GPTMS per volume of 
DMSO. Therefore the viscosity of the solution was lower due to a reduction in the 
polymer crosslinking to itself, so more DMSO was evaporatable from 100GC (Table 
5.3). The polymer sticking to the walls of the evaporating flask was also reduced 
with decreased GPTMS content.  
Increasing crosslinking was found to influence the phase separation within the 
nanocomposite sol. It was found for the 5GC and 10GC no phase separation was 
observed at the maximum (60 vol%) DMSO evaporatable. The reason behind this 
finding was explained above.  
Influence of degree of crosslinking on the gelling 
Table 5.7 shows the gelling time of the nanocomposite sols containing CaCl2 gelled 
with and without HF for different amounts of crosslinking. When gelled with HF, the 
nanocomposites were expected to gel more rapidly as crosslinking increased. The 
10GC sample with 60 vol% DMSO removed gelled in 7.5 minutes while the 50GC 
sample with 60 vol% DMSO removed gelled in 9 minutes. The 10GC sample which 
has 5 times more GPTMS than the 50GC gelled 90 seconds faster. However, when 
gelled with HF the hydrolysis and condensation of TEOS occurs first before the 
condensation of GPTMS.  
Therefore since the inorganic in the nanocomposite constitutes the majority (60 wt%) 
the whole nanocomposite sol would gel as soon as the inorganic gels. While the 
inorganic was gelling the bulky and entangled polymer phase would have some 
degree of motion but as soon as the sol gels it would be locked in place. Therefore 
the increase or decrease in crosslinking will not have a major affect on the gelling 
time when the nanocomposite is gelled with HF.  
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On the contrary, when the nanocomposites were gelled without HF the gelling time 
was substantially reduced with increasing crosslinking. The 10GC sample gelled in 5 
days without any HF while the 50GC sample took more than 30 days. When the 
crosslinking was further reduced to 100:1 (100GC), gelation without HF took 
approximately 3 days while the higher crosslinking 50GC sample took just 10 h to 
gel. For both samples, more than 80 vol% DMSO was evaporated. This indicates that 
increased crosslinking decreased gelling time in the absence of HF. When no HF was 
used, the gelling of the inorganic was delayed, allowing time for the polymer to flow 
in the nanocomposite sol, which influenced the gelling process. The fact that the 
increase in crosslinking accelerated the gelling, suggests that the crosslinker was 
taking part in the gelling mechanism. Therefore, based on the influence of 
crosslinking on the gelling behaviour it can be said that the GPTMS was taking part 
in gelling mechanism in the absence of HF, where as in the presence of HF GPTMS 
was most likely not involved in the gelling. This may have considerable influence on 
the mechanical and dissolution properties of the nanocomposite.  
Table 5.7 also shows the marked influence the removal of DMSO had on the gelling 
time of nanocomposites when no HF was used. For the 100GC sample gelling would 
have taken more than a month to complete if only 65 vol% DMSO was evaporated 
but the gelling time was reduced to 3 days by removing 87 vol% DMSO.  
Table 5.7.  Influence of degree of crosslinking on the gelling times of the 
nanocomposites with and without HF. 
With HF Without HF
10GC 10:1 60 7.5 mins ~ 5 days
50GC 50:1 60 9.0 mins > 30 days
50GC 50:1 80 - < 10 hours
100GC 100:1 87 3.3 mins ~ 3 days
Crosslinking Crosslinking 
Ratio (γ−
PGA:GPTMS)
DMSO 
evaporated 
(vol%)
Time to gel
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Influence of crosslinking on silica network 
Figure 5.17 shows the 29Si NMR spectra of 3 different nanocomposites with 
increasing crosslinking ratio. All the three samples shown in the figure did not have 
any CaCl2 in their composition. The relative proportions of the different T and Q 
species are presented in Table 5.8 together with the respective chemical shifts and 
the DC. With increasing crosslinking the proportions of T2 and T3 species also 
increased indicating that with increased GPTMS content more crosslinking was 
taking place. The Q4 species were also seen to decrease with the increase in the 
crosslinking ratio. However, noticeable change in the degree of condensation was not 
observed with increasing crosslinking. 
Table 5.8.  Chemical shifts and relative proportions of Tn and Qn species in the 
nanocomposites with degree of crosslinking. 
Sample DC
δ I δ I δ I δ I δ I
(ppm) (%) (ppm) (%) (ppm) (%) (ppm) (%) (ppm) (%)
-60.7 1
-65.3 1
-60.3 2
-65.3 3
-60.5 1
-65 6
T2 T3’/T3 Q2 Q3 Q4
(%)
50GC - - -92.3 4 -101.7 23 71 91.9
10GC -53.9 2 -92.8 4 -101.8 21
3 -102 23
-111.5
-111.65GC -55.5 3 -93.1 64 91.8
-111.6 68 92.1
-140-120-100-80-60-40
50GC
10GC
5GC
Chemical Shift (ppm)
Tn
Qn
 
Figure 5.17.  29Si NMR of the nanocomposites with different crosslinking ratio. 
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Figure 5.18 shows FTIR spectra of nanocomposites with varying amounts of 
crosslinker. The figure shows that after decreased crosslinking more DMSO was 
retained in the nanocomposite. It also shows that the 50GC and 100GC both have 
higher amounts of polymer compared to 10GC. This may be due a combined affect 
of the reduced mobility of the γ−PGA in the nanocomposite with increased 
crosslinking and reduced DMSO. 
5.3.6 Drying class II nanocomposites 
Figure 5.19 shows the DSC trace of a nanocomposite. It shows that the polymer 
starts to degrade when heated above 300°C. The DSC trace of a crosslinker coupled 
polymer in Figure 4.24 showed that the polymer started to degrade after heating to 
200°C. It seems that introducing the polymer into the nanocomposite increased the 
thermal stability [113, 188]. This is due to the synergic effect of combining low 
temperature (polymer) and high temperature (silica) materials.  
Influence of drying temperature 
In accordance to the DSC traces, the drying process previously used for the inorganic 
70S30C glass (Chapter 3) was used for the nanocomposites. The maximum 
5001000150020002500300035004000
10GC
50GC
100GC
Wavenumber cm-1  
Figure 5.18.  FTIR spectra of nanocomposites with 10GC, 50GC and 100GC 
crosslinking density. 
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temperature of drying in this treatment was 130°C but the process first heats to 60°C 
at 0.1°C/min and holds at 60°C for 20 h then ramps to 90°C at 0.1°C/min and holds 
for 24 h then finally heats up to 130°C at 0.1°C/min and holds for 40 h. It was 
noticed that whilst heating at 90°C the nanocomposites had started to change to a 
brown colour from an original colour of white. This indicated that the polymer was 
starting to degrade. After further heating to 130°C the nanocomposites became even 
darker which showed increased damage to the polymer, even though the DSC 
showed no degradation until 300°C. It was thought that the reason behind the 
nanocomposites degrading at much lower temperatures was due to the prolonged 
heating at these temperatures. While the heating process was at 60°C no colour 
change was observed it was therefore decided that nanocomposite drying would be 
performed at this temperature for all future samples.  
Influence of CaCl2 on drying 
It was expected that when drying at 60°C for 94 h the methanol and water would be 
completely removed, but DMSO would be difficult to evaporate at this temperature. 
FTIR spectra of the dried nanocomposites presented in Figures 5.12 and 5.18 all 
show the bands for the CH3 rocking at 1009 cm-1, indicating that DMSO was present 
in the CaCl2 containing nanocomposites. However, the spectra in Figure 5.9 for the 
nanocomposite without any CaCl2 does not show any absorbance at this 
wavenumber, indicating that only the calcium containing nanocomposites still 
contained DMSO after drying at 60°C. 
50GC_CaCl2_HF
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Figure 5.19.  DSC curve of a nanocomposite performed in air. 
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The CaCl2 is a hydroscopic material and has high affinity to water. If left alone in 
atmospheric conditions it will absorb water from the air and become solubilised. It 
can be purchased as CaCl2 or monohydrate CaCl2.H2O or dihydrate CaCl2.2H2O 
forms. The CaCl2 has high solubility in water, therefore in nanocomposite sol it was 
dissociated into its ions Ca2+ and Cl–. After gelling, it is likely that the dissociated 
ions were trapped in the gel with some mobility in the solvents within the gel. At the 
drying stage, as the solvents evaporated the dissociated ions Ca2+ and Cl- seem to 
recombine, which leads to the formation of crystals of CaCl2. Figure 5.20 shows 
TEM and SEM images of the nanocomposite with crystals of CaCl2 (a & c) and the 
diffraction spots from a single crystal in TEM (b). Once these samples were exposed 
to air after the completion of drying, it was found that the samples became wet to the 
touch. This behaviour was found for both the 100 wt% inorganic 70S30C sample as 
well as for the 40/60 wt% nanocomposite containing CaCl2. This indicates that the 
CaCl2 was responsible for the samples becoming wet. It was originally hypothesised 
that the carboxylic acids in the polymer would bond to the dissociated Ca2+ ions in 
the solution, which would reduce the CaCl2 crystals from forming upon drying. This 
would be detected in FTIR by the reduction in the height of C=O vibration at ~1721 
cm-1 corresponding to the carboxylic acid vibration and the formation of new band at 
~1555 cm-1 corresponding to the vibration of carboxylate anion. However, the FTIR 
spectra in Figures 5.12 and 5.18 all have the bands at ~1721 cm-1 and no bands at 
~1555 cm-1 indicating that the polymer was not ionically bonding to the calcium ions 
through the carboxylic acids. This may be due to the strong bonding between the 
polymer and the DMSO. 
50 nm
(a)
(b) 100 nm
(c)
Figure 5.20.  CaCl2 in the dried nanocomposite as crystals, observed in TEM image 
(a), the diffraction image from the single crystal of CaCl2 (b) and SEM image (c)  
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Water acts as a plasticiser for the γ−PGA therefore it was believed that the CaCl2 
formation which induced water absorption into the nanocomposite may also have 
contributed to the increased toughness of the nanocomposites containing CaCl2. 
Extraction of DMSO using water and acetone 
Samples were also washed in water and acetone to remove DMSO after drying. The 
nanocomposites containing CaCl2 when immersed in water, the polymer was 
observed to come out of the nanocomposites rapidly. This effect will be discussed in 
section 6.3.1. However, with acetone a very different behaviour was found. The 
transparent nanocomposite gradually turned opaque in acetone, the sample was then 
taken out of acetone, dried and immersed in water. The nanocomposite gradually 
changed from an opaque to a transparent material. This interesting behaviour was a 
result of the polymer interacting with the original water/DMSO mixture, and the two 
liquid media. Before the nanocomposite was dropped in acetone it was transparent as 
the polymer was in a ‘liquid’ state due to the presence of water and DMSO. However 
once the composite was dropped in acetone, the water and DMSO molecules were 
leached out of the nanocomposite and were replaced with acetone. The acetone is a 
polar aprotic solvent and has much lower dielectric constant than DMSO or water. 
Thus the solubility of polymer was lost and the polymer solidified which diffracts 
light. But as water replaces acetone the polymer changes back to its original nature 
and returns to a ‘liquid’-like state. This method of extracting the DMSO was very 
successful as seen from FTIR (Figure 5.21), which shows no absorbance for the CH3 
rocking bands after treatment. However, this method of DMSO removal was not 
successful for the CaCl2 containing samples. As observed before, the polymer was 
found to come out of the nanocomposite after a few minutes of being dropped in 
water from acetone. 
‘Steam’ treatment to remove DMSO 
Nanocomposite samples were dried at 100°C in ‘steam’; these samples were found 
not to change colour, this was due to the presence of moisture. The increased 
temperature from 60°C to 100°C gave improved evaporation of DMSO as seen in 
Figure 5.22 which shows no CH3 rocking absorbance bands at 1009 cm-1, indicating 
that the DMSO was completely evaporated. The FTIR spectra also shows that most 
of the free carboxylic acids in the nanocomposite had undergone transition to a 
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carboxylate anion. This means that the calcium in the CaCl2 was dissociating and 
ionically bonding with the polymer. This has serious implication to the dissolution 
and calcium release from the nanocomposite.  
The ‘steam’ treatment was only successful in a porous nanocomposite due to the 
passage available for the transport of water vapour and DMSO to and from all parts 
5001000150020002500300035004000
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Wavenumber (cm-1)  
Figure 5.21.  FTIR spectra of nanocomposite before and after treating in acetone. 
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Figure 5.22.  FTIR spectra shows the influence of ‘steam’ treatment on the dried 
nanocomposites.  
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of the sample. Monoliths which were found to be non porous did not have noticeable 
reduction in DMSO and the carboxylic to carboxylate anion transition was also not 
observed.  
5.3.7 Evolution of class II nanostructure 
Effect of catalysts on structural evolution  
There are three different families of catalysts used in the sol-gel process. They are 
acidic, basic and nucleophilic catalysis. The system studied here used two of the 
three types, the nucleophilic catalysis (gelled with HF) and acid catalysis (when the 
samples were left to gel). The HF catalyst works by donating the fluoride ion which 
acts in a similar fashion to the basic catalyst OH- due to their similar size and charge.  
As outlined in section 2.8.5, two steps are involved in the sol-gel reaction; namely; 
the hydrolysis and the condensation of the hydrolysed alkoxide precursors. The 
different catalysts influence the two reactions and thus the network formation. With a 
H2O:TEOS ratio (R ratio) of 12, the hydrolysis was expected to have been complete 
in this system within the first few minutes of mixing. Therefore the rate determining 
step for gelation was the condensation reaction. The condensation reaction is 
catalysed by all 3 catalysts with HF being the most active, in this work the HF was 
also observed to be most active of the two catalysts used.  
At pH < 3 hydrolysis of the Si-O-Si bonds is not catalysed therefore the 
nanocomposite sol left to gel produce large numbers of small stable oligomers that 
bond to each other to form weakly branched polymeric clusters [189]. However, due 
to steric effects the organic polymer would prevent these clusters from aggregating 
and forming any kind of network. The TEM image shown in Figure 5.23(a) shows 
silica particles (~12 nm diameter) from a dried nanocomposite that was gelled 
without HF. The same sample also showed no evidence of particle aggregation, 
which means that the particles were embedded in the organic polymer matrix (Figure 
5.23(b)). The samples for SEM were sputter coated with chromium particles of 6 nm, 
these particles can also be seen on the SEM image.  
However, with R < 3 and HF depolymerisation of the silica oligomers can occur 
resulting in more condensed particle of silica. Table 5.9 shows the 29Si NMR spectra 
data of 100GC nanocomposite sample gelled with and without HF. The degree of 
condensation (DC) of the nanocomposite gelled without HF was 88.7 % while that 
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gelled with HF was 91.5 %, indicating that the gelling with HF produces more 
condensed silica structure [116]. The larger Q3/Q4 ratio of the 100GC nanocomposite 
gelled without HF over the gelled with HF indicates that it has a higher surface area 
and so the silica particles are more divided than the one gelled with HF.  
However, the long chain polymer may induce a large steric influence on the structure 
evolution which would be greater than the catalytic influence. When CaCl2 was used, 
the polymer was found to have a greater influence on the gelling mechanism which is 
thought to be due to the change in the surface charge of the polymer. Figure 5.24 
shows the TEM images of a 50GC nanocomposite containing CaCl2 gelled with HF. 
The TEM image in Figure 5.24(a and b) shows the organic and inorganic structure of 
20 nm
30 nm
(a)
(b)
 
Figure 5.23.  TEM (a) and SEM (b) images of the nanocomposite gelled with HF. 
Table 5.9.  Proportions and chemical shifts of Tn and Qn species of the 
nanocomposite gelled with and without HF. 
Sample DC
δ I δ I δ I δ I δ I
(ppm) (%) (pp (%) (ppm) (%) (ppm) (%) (ppm (%)
100GC_
HF
100GC_
no_HF
-108 59 88.7-89.2 4 -98.8 36-56.7 1 - -
26 -111 69 91.5
Q4
(%)
- - -61 1 -92 4 -101
T2 T3 Q2 Q3
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the nanocomposite. The Figure 5.24(b) shows a higher magnification of (a). The 
images show the inorganic particles (black) of the order of 30 nm surrounded by the 
organic polymer (grey). The inorganic structure after the polymer dissolved out in 
ethanol is shown in Figure 5.24(c). The particles are loosely packed and seem to 
show a chain structure being formed by the aggregates. 
Nitrogen adsorption was performed on these samples to check surface area and 
porosity. The Figure 5.25 shows the N2 sorption isotherms of the nanocomposite 
sample (a) and after dissolving the polymer (b). The volume of N2 adsorbed onto the 
nanocomposite with the polymer was negligible. When the polymer was dissolved 
out the silica network was still intact (Figure 5.24(c)) and a large volume of N2 was 
adsorbed on the silica surface during N2 sorption. Figure 5.25(b) shows a type IV 
isotherm indicative of mesopores (2-50 nm size) with a hysteresis loop, which is 
similar to the isotherm obtained for conventional 70S30C glass [59]. This indicates 
that the polymer fills the mesopores in the nanocomposites. The surface area after 
polymer dissolved out was calculated to be 484 m2/g which was approximately 3 
times higher than that observed on conventional sol-gel glasses with 70S30C 
composition. The mesopores size of the nanocomposite after the polymer dissolved 
out was found to be 7.8 nm (BJH method), which was smaller than that found on the 
70S30C glasses of 12 nm when heated to 800°C. 
50 nm 20 nm
(a) (b)
25 nm
(c)
Figure 5.24.  TEM images of the HF gelled nanocomposites (a & b) and after 
polymer dissolved out (c). 
 151
Figure 5.26 shows the schematic of the class II nanocomposite with CaCl2 and gelled 
with HF. The schematic is of a nanocomposite where no macroscale phase separation 
took place and the nanocomposite solution, the gel and the dried monolith were 
transparent throughout. Describing the schematic, the clusters of silica particles are 
larger than those in Figure 5.23(a) due to restructuring by F- ions [125], however 
they are very weakly bonded to each other as a result of the initial acid hydrolysis 
(pH < 3). The inorganic silica network is continuous at all scales (Figure 5.15) and 
forms first; this is due to the selective reactivity of HF and hydrolysed TEOS. The N2 
sorption isotherm in Figure 5.25(b) shows significantly large amount of volume than 
in conventional sol-gel glasses [186] was intruded indicating that the silica particles 
are weakly bonded and that the formation of the silica network was influenced by the 
presence of the organic network. The organic polymer, has good chemical 
compatibility with the inorganic silica resulting from the functionalisation with 
GPTMS and the use of CaCl2, is homogeneously spread throughout the 
nanocomposite interpenetrating the clusters of silica particles (Figure 5.24(a & b)) 
and also fills the mesopores between the inorganic particles as found with N2 
sorption isotherm in Figure 5.25(a). 29Si NMR data in Table 5.5 suggests that the 
calcium is also present in the inorganic network.  
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Figure 5.25.  Nitrogen sorption isotherms of the 50GC gelled with HF before (a) 
and after (b) dissolving the polymer out. 
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Figure 5.26.  Structure of nanocomposite with inorganic particles and organic 
polymer covalently bonded to each other. (b) The inorganic particles of SiO2 and Ca2+
bonded to form 50 nm particles. (c) The organic γ−PGA chains within the inorganic
particles. 
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5.4 Summary 
The microstructure of the rubbery hybrids produced by the sol-gel route were found 
to be influenced by several factors such as the amount of DMSO, CaCl2 content, 
degree of crosslinking, the catalysts used and the temperature of gelation. Each were 
found to have certain influence at the different stages of the sol-gel process.  
At the mixing and gelling stage, DMSO had great influence on the homogeneity and 
gelation time of the nanocomposite sol. The amount of DMSO present in the mixture 
determined the solubility of the polymer in the sol-gel system. Often, higher the 
amount of DMSO in the mixture, the better the solubility of the organic in the sol. 
Apart from DMSO, the increased polymer functionalisation and crosslinking ratio 
(higher GPTMS content) was also found to increase the solubility. The addition of 
CaCl2 on the other hand, decreased solubility and often made the nanocomposite sol 
translucent.  
The DMSO had complex interaction with the gelation of the nanocomposite sol. 
Generally, for an acid catalysed sol-gel process, the SiOH is protonated which means 
that the DMSO would H-bond to the SiOH and encourage gel formation. However 
an increase in the amount of DMSO also has the effect of reducing the concentration 
of network forming TEOS molecules. Therefore up to a certain concentration DMSO 
catalyses gelation after which it hinders gelation.  
The nanocomposite gelling mechanism and structural evolution was very much 
dependent on the nature of the catalyst used. The use of HF gave a rapid gelling, 
followed by slightly slower gelling at 60°C, while leaving to gel without the addition 
of HF took the longest time for gelation.  
The use of HF had significant influence on the nanostructure. It was found that for a 
nanocomposite containing CaCl2 gelled with HF, a homogeneous structure with both 
organic and inorganic acting as matrix was produced. The polymer phase was found 
to be interpenetrated between the inorganic particles, where the inorganic particles 
were the first to form the network. However, the nanocomposites without CaCl2 had 
inorganic as the matrix while the polymer had phase separated. The crosslinking did 
not have major influence on the gelling time, but reduced gelation time by few 
minutes. This was understood to be due to the HF only catalysing the gelation of 
hydrolysed TEOS alone.  
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When gelled without HF, the presence of CaCl2 caused more phase separation 
leading to a phase separated gel. However without CaCl2, transparent 
nanocomposites were observed only when gelation was performed at higher 
temperature. This was due to accelerated gelling at elevated temperature which stops 
phase separation due to organic/inorganic phase incompatibility. Increasing the 
crosslinking ratio was found to significantly reduce gelation time. This indicates the 
higher role of GPTMS in gel formation and so influence on the nanostructure. 
After drying, the nanocomposites containing CaCl2 were wet due to both trapped 
DMSO and water absorbed from the moisture. Several drying conditions were tried 
to effectively remove DMSO from the nanocomposites. DMSO was successfully 
removed from the nanocomposites by washing the nanocomposites in acetone and 
also by drying under steam at 100°C.  
The flow diagram in Figure 5.27 shows the final protocol adopted for the fabrication 
of the 50GC nanocomposites with 40 wt% organic and containing calcium.  
+ Sol (3.75 ml H2O + 2.6 ml 1N 
HCl + 8.2 ml TEOS)
+ 0.3 ml 5 vol% HF to 5 ml of 
nanocomposite sol
+ 3.75 ml H2O + 1.88 g CaCl2
2g of 50GC crosslinker coupled to 
polymer in 20 ml of DMSO
16 ml of DMSO evaporated
(80 vol%)
Dry at 60°C
Age at 60°C
 
Figure 5.27.  Protocol used for the fabrication of the class II 50GC nanocomposites 
containing calcium used in the monolith production for the bioactivity study. 
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6 Bioactivity and cytotoxicity of class II 
nanocomposite monoliths 
6.1 Introduction 
One of the main problems with the organic/inorganic composites is that the polymer 
phase often coats the bioactive inorganic phase, there by reducing or delaying HCA 
formation. It is therefore important to test whether the same effect is found for the 
nanocomposites synthesised in this study. The generally accepted standard to test the 
formation of HCA layer on bioactive glasses has been to immerse the material in 
simulated body fluid (SBF) at 37°C for given length of time. The bioactivity of the 
class II nanocomposites were tested in SBF for up to 72 h of immersion. The reacted 
samples were studied with FTIR, SEM and XRD to detect HCA formation. The 
reacted SBF solutions were tested with inductively coupled plasma (ICP) spectra to 
detect release and absorption of the Si, Ca and P ions. 
All the nanocomposite monoliths were heated to a maximum of 60°C, as shown in 
Chapter 5, the nanocomposites contain residual DMSO and some F– ions which 
could be toxic to cells. Therefore the cytotoxicity of the nanocomposite monoliths 
was tested by culturing in osteosarcoma cell line for 4 days. The samples were 
examined in SEM to check the attachment of cells on the samples.  
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6.2 Materials and methods 
6.2.1 Stability & bioactivity testing in simulated body fluid (SBF) 
Stability of the nanocomposites and the inorganic 70S30C was tested by degassing in 
an auto-degasser to remove air and moisture then filling them with helium before 
dropping them into SBF or water solution.  
Simulated body fluid (SBF) preparation 
Bioactivity of the nanocomposite was tested in SBF solution. The SBF solution was 
first invented by Kokubo et al. to study the bioactivity of materials in vitro [43]. SBF 
solution has a similar concentration of positive ions to human blood plasma. To 
mimic the human body environment the pH of the SBF solution is 7.40 and the 
temperature during testing is kept constant at 37°C. The solution was prepared as 
detailed in [190].  
Sample preparation for bioactivity testing  
The monoliths were cut into rectangular shapes of dimensions 5 x 5 x 3 mm3 and 
dropped into SBF. Table 6.1 shows the details of the samples tested for bioactivity. 
Two batches of experiments were performed. The first was on the inorganic and the 
two 50GC nanocomposite monoliths with and without calcium. The second batch 
was on two 100GC nanocomposite samples gelled with and without HF. The aim 
was to compare the influence of polymer, calcium and HF on the dissolution and 
bioactivity of the samples. The samples were synthesised as detailed in Chapter 5.  
Table 6.1.  Details of samples used in the bioactivity testing.  
Sample name Gelation
Polymer (wt %) CaO (wt %) SiO2 (wt %) Type Amount (wt%)*
Inorganic 0 30 70 HF H2O 23
M_50GC_1 40 0 60 HF DMSO 19
M_50GC_2 40 18 42 HF H2O + DMSO 48
M_100GC_1 40 18 42 Left H2O + DMSO 37
M_100GC_2 40 18 42 HF H2O + DMSO 41
* With respect to the sample weight.
Solvent in sample after dryingComposition
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SBF testing 
Prior study found that the ratio of material : SBF of 3:2 was suitable for bioactivity 
tests [191]. Therefore the same ratio, 75 mg sample : 50 ml SBF was used as the 
standard in this study. However, the amount of sample used for the second batch was 
doubled to a new ratio of 3:1 to account for the large amount of solvent that was 
present in the samples after drying. The first batch of samples were left to agitate in 
SBF at 37°C for 8, 24 and 72 h and 1, 23 and 72 h for the second batch of samples at 
a constant rotation speed of 120 rpm in an incubator. The samples were then filtered 
and dried at 37°C. The pH of the SBF solution and weight of the samples were 
measured before immersing and after removing the samples from the SBF.  
The reacted SBF was collected and Ca, P and Si ion concentrations were measured 
using inductively coupled plasma optical emission spectroscopy (ICP-OES) before 
and after immersion of the specimens. In ICP-OES an aqueous solution containing 
the ions is burnt over a plasma. As the ions lose and gain electrons in the plasma they 
emit electromagnetic radiation corresponding to the atoms and electrons involved in 
the process. The EM radiation is measured and the intensity of the radiation is used 
to detect the concentration of the ions in the solution. For the ICP-OES 1 ml of 
reacted SBF solution was diluted with 3 and 4 ml of deionised water for the first and 
second batch, respectively to reduce saturation of the OE detectors.  
The reacted monolith samples were tested for hydroxy carbonate apatite (HCA) 
formation using FTIR and XRD. The samples were then imaged in SEM to visualise 
the morphology of the HCA, EDX was also performed to confirm the elements 
present. 
6.2.2 Cell attachment11 
The osteosarcoma cell line SaOs-2 was used for cell culture studies on the 
nanocomposites. SaOs-2 cells were chosen to test cytotoxicity of the materials 
because they exhibit several human osteoblastic features. Cell culture conditions for 
these cells are well established and are known to lay down extracellular matrix that 
mineralise. Samples were cut to 5 mm x 5 mm x 3 mm, sterilised by autoclaving and 
incubated in cell culture medium supplemented with 50U/ml penicillin, 50 μg/ml 
streptomycin, 2.5μg/ml amphotericin B at 37°C for 48 h (preconditioning). 
                                                 
11 In vitro cell studies were performed by Dr. Olga Tsigkou at Imperial College London. 
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Following preconditioning, the samples were seeded with 100,000 cells suspended in 
100µl cell culture medium. The cells were allowed to adhere to the nanocomposites 
for 1h and then the appropriate volume of medium was added to cover them.  
SEM was used to monitor cell attachment and morphology. Cells following culture 
on the nanocomposites were fixed in 2.5% (v/v) glutaraldehyde/PBS for 40 min at 
4°C. The fixing solution was then aspirated and the material/cell constructs were 
dehydrated by a careful addition of a series of increasing concentrations of ethanol 
(25%, 50%, 70%, 90% and 100% (v/v) in dH2O). Each ethanol concentration was 
added to cover the material and incubated for 5 min at room temperature. Following 
the 100% ethanol, the material/cell constructs were critically dried by incubation in 
hexamethyldisilazane (HMDS) for final 5 min and then the samples were left to air 
dry under a fume cabinet. Dry samples were then sputter coated with gold and 
viewed using JEOL 5610LV Scanning Electron Microscope (JEOL, USA) and LEO 
SEM.  
Cytotoxicity 
The LIVE/DEAD viability/cytotoxicity assay (Molecular Probes, Leiden, The 
Netherlands) provides a two-colour fluorescence cell viability assay that is based on 
the simultaneous determination of live and dead cells with two probes (calcein AM 
and ethidium homodimer-1) that measure two recognized parameters of cell viability, 
intracellular esterase activity and plasma membrane integrity, respectively. The assay 
was performed in order to determine whether the 100GC class II nanocomposite 
monolith were toxic to the cells. SaOs-2 cells were seeded and cultured on the 
nanocomposites for 3 days. At the end of the incubation period the cells were washed 
twice in PBS and incubated with 200 μl/well of the LIVE/DEAD solution at 37oC for 
30min in the dark. After incubation the solution was aspirated and a drop of PBS and 
samples were examined under an Olympus BX-URA2 fluorescence microscope 
within 30 min of staining. Images were captured using an Olympus digital camera 
and analysed using KS-300 software (Imaging Associates).  
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6.3 Results and discussion 
6.3.1 Degradation and bioactivity 
Degradation of nanocomposite 
The stability tests in SBF carried out on class II nanocomposite demonstrated that by 
covalently crosslinking the polymer to the inorganic silica network the 
nanocomposites were far more stable. This gave a first indication of continuity of the 
organic and inorganic phases in the class II nanocomposites.  
Change in pH of SBF solution 
Figure 6.1 shows the pH of SBF solution as a function of time for two 
nanocomposites and the 70S30C at 60°C (inorganic) samples. The pH of the SBF 
solution changed according to the ions that are released from the sample. The SBF 
pH for the first batch of samples (inorganic, 50GC_1 and 50GC_2) started at 7.35 at 
time 0. For all samples, except for the inorganic, the SBF pH remained below the 
starting pH at all time points. When the inorganic glass was immersed in SBF, the 
pH increased due to Ca2+ ion release during the cation exchange between material 
and SBF [192]. The pH of inorganic dried at 60°C did not follow this trend. The pH 
decreased slightly after 8 h of incubation to 7.28, however the drop of 0.07 could 
well be within the error of the pH electrode measurement. The pH then increased to 
Inorganic 50GC_1 50GC_2
7
7.1
7.2
7.3
7.4
7.5
0 10 20 30 40 50 60 70
Time (hr)
pHpH
 
Figure 6.1.  The pH values of the SBF solutions after incubation of the samples at 
the particular time points. 
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7.45 after 72 h of incubation, due to the dissolution of the calcium ions from the 
glass. Note the initial rapid release of Ca2+ did not alter the pH since it was added as 
CaCl2 and hence was charge balanced with the chloride ions. As dissolution 
continues, the Ca2+ ions crosslinked into the silica network (-Si-O- Ca2+ -O-Si-) are 
steadily released, causing an increase in the pH by exchanging for the protons in the 
SBF solution.  
The decrease in pH after 8 h of incubation for the nanocomposites was much higher. 
This decrease was associated to the release of the acidic polymer γ−PGA from the 
nanocomposites. Therefore the pH behaviour of the nanocomposites depends heavily 
on the release profile of the polymer. The pH for the 50GC decreased first then 
increased after 24 h and as did the 100GC samples.  
Sample weight loss after incubation  
All of the samples showed significant weight loss when incubated in SBF, as shown 
in Figure 6.2. The figure shows weight loss of the five samples at each time point 
after deducting the weight of the solvents that was there. Therefore the weight loss 
shown in Figure 6.2 is the dissolution of material. During the experiment, the loss of 
material from the class II samples immediately after immersion was visible to the 
eye. This was thought to be the residual solvents that were present in the samples 
(Table 6.1). However, the Figure 6.2 shows that all the samples lost over 40 % of 
their weight within the first time point. The initial weight loss was largely attributed 
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Figure 6.2.  Percentage weight loss of the bioactivity test samples with time after 
the deduction of residual solvents in the sample. 
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to the loss of CaCl2 and polymer (Figures 6.3 and 6.4).  
Several factors were identified to contribute to the weight loss profile. These were 
the presence of: 
1. residual solvents (water and DMSO); 
2. calcium;  
3. uncoupled polymer; and  
4. the use of HF to gel the sample.  
The solvents diffused into the SBF due to the concentration gradient, the uncoupled 
polymer and the calcium that was not crosslinked into the organic/inorganic network 
also leached out of the sample. An obvious trend is found where the weight loss was 
highest in the sample with the most amount of residual solvent. Indicating that the 
presence of water and DMSO was detrimental to the nanocomposite stability. The 
Figure 6.2 also shows influence of HF on weight loss where large difference between 
the samples 100GC_1, gelled without HF and 100GC_2 gelled with HF, was 
observed.  
ICP spectra of Ca, P and Si in SBF 
Figure 6.3 shows the concentration of elements Ca, P and Si in SBF as a function of 
immersion time, providing insight into both dissolution and the deposition of 
minerals on the sample. The [Ca] and [Si] have been adjusted according to the 
different sample weight to SBF volume ratios for the two batches of samples.  
Dissolution of Ca and Si into the SBF 
All the samples except the 50GC_1 showed an initial increase in [Ca] after 
immersion in SBF. This was due to the rapid release of the calcium ions from the 
material into the SBF. It was shown earlier (Section 5.3.6) that in some cases the 
calcium existed as CaCl2 in the materials. The calcium was found to come out most 
rapidly in the 100GC nanocomposites. This was probably due to the lower 
crosslinking, hence the polymer released more rapidly, as did calcium. It also shows 
that the use of HF did not have any influence on the calcium release. The 50GC_1 
sample showed a decrease in [Ca] in SBF after 8 h, this was probably due to the 
polymer in the calcium free nanocomposite absorbing it from the SBF solution. The 
calcium was later released back into the SBF solution; this was interpreted to be the 
result of the polymer itself also being released into the SBF.  
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All the samples had similar Si release profiles, except for the 100GC_1 which had a 
rapid release in the first 1 h of incubation. Although the 100GC_2 has the same 
amount of crosslinking as the 100GC_1 it had a slower release of silicon compared 
to the 100GC_1 this was due to the use of HF for gelation. The HF produces a 
predominantly inorganic matrix; where as when gelled without HF the polymer also 
plays a part in the gel formation. Therefore when immersed in SBF, the polymer 
leaching out at the first instant would disturb the inorganic network of 100GC_1 
greater than the 100GC_2. Most of the polymer is also known to leach out almost 
immediately after immersion therefore at later time points both 100GC_2 and 
100GC_1 would behave in a similar manner as observed.  
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Figure 6.3.  ICP spectra of the SBF solutions taken out at 1, 23 and 72 hrs for the 
100GC samples and 8, 24 and 72 hrs for the inorganic and 50GC samples. 
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The 50GC_1 had the highest Si release, which was surprising as the silica network in 
the sample without calcium was expected to be more condensed.  
Uptake of P from SBF 
The inorganic, after 8 h immersion showed an increase in Ca concentration in the 
SBF from 100 μgml-1 to 203 μgml-1, which was a two fold increase. The [Ca] then 
dropped to a constant 170 μgml-1 after 24 h in SBF. The fact that the [Ca] also 
remained constant after 24 h points to the formation of a new material which 
involved Ca and P. The [P] in SBF was found to drop steadily until all of it had been 
removed from the SBF, which occurred after just 24 h. One possible explanation is 
the formation of HCA. This would indicate that the 50GC_2 also induced HCA 
formation since it displayed similar but slower calcium release and phosphorous 
uptake to the inorganic. The [P] and [Ca] were seen to decrease steadily after the 
initial burst of calcium into the SBF in the 50GC_2. The [P] in SBF of the calcium 
free sample 50GC_1 was similar to that of the calcium profile, small decrease in the 
[P] was observed after 8 h which then increased after 24 h and 72 h immersion.  
The 100GC samples also have similar [P] to the 50GC_2, indicating they too 
nucleated an HCA layer after 3 days.  
FTIR spectra of samples 
Figure 6.4 shows the FTIR spectra of the inorganic and the class II nanocomposites 
after 72 h in SBF solution. The 100GC samples have absorbance bands at 600 and 
575 cm-1 for the P-O bend vibrations [193]. This is an indication of a calcium 
phosphate phase which could also mean formation of HCA layer on the surface of 
these materials [192]. The P-O bend vibrations are absent for the inorganic and the 
50GC samples, indicating that these samples may not be as bioactive as the 100GC 
samples. As 100GC samples were most bioactive, changes to their structure as a 
function of time were studied in more detail using FTIR. 
Figure 6.5 shows the FTIR spectra of the 100GC_1 and 100GC_2 samples, 
respectively. The spectra were taken on samples that were incubated for 0, 1, 23 and 
72 h. The P-O bend bands were seen for the 100GC_2 (Figure 6.5(b)) after just 24 h 
in SBF while the 100GC_1 (Figure6.5(a)) took 3 days to form HCA. The absorbance 
bands for P-O bend were much weaker when HF was not used. The spectra also have 
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a very small band assigned to CO32- at 1400 cm-1, which indicates that the apatite 
formed was hydroxy carbonated apatite. 
Another interesting observation from Figures 6.4 and 6.5 was that the amide I and II 
bands were only present for the 100GC_2 (6.5(b)). This supports the lower weight 
loss observed for the 100GC_2. The Figure 6.5 also shows that large amounts the 
polymer comes out after just one hour of incubation (amide bands at ~1650 cm-1), 
again agreeing with the weight loss. Further, the height of the amide bands did not 
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Figure 6.4.  FTIR spectra of inorganic and class II nanocomposites after 
incubation in SBF for 3 days. 
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Figure 6.5.  FTIR spectra of 100GC_1 (a) and 100GC_2 (b) after 0, 1, 23 and 72 h 
in SBF 
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decrease as incubation time increased indicating that no or very little polymer was 
released after the first hour.  
X-ray diffraction of HCA on samples 
Figure 6.6 shows XRD data for the 100GC_1 and 100GC_2 after 24 and 72 h of SBF 
incubation. Only the 100GC_1 had an amorphous peak corresponding to the glass 
background. The 100GC_2 sample shows distinct peaks after just 24 h of incubation. 
The peaks have been assigned to newly formed HCA [194]. However, not all the 
peaks for HCA have been detected and only peaks at a particular crystal plane of the 
HCA has been detected indicating that the crystals have preferred growth orientation 
[195, 196]. After 72 h a new peak at 32° corresponding to 211 started to appear while 
the other two peaks at 29° and 47° decreased in intensity. This indicates that initially, 
the HCA crystals grow aligned relative to the surface of the bioactive material or the 
deposited amorphous calcium phosphate, then as it matures random growth takes 
place at all orientations [197].  
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Figure 6.6.  XRD of hydroxy carbonate apatite (HCA) and nanocomposite 
monoliths 100GC_1 and 100GC_2 after 72 h and 100GC_2 after 24 h incubation in 
SBF.  
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SEM of HCA on samples 
The SEM images of the SBF samples showed two different morphologies. The 
needle like morphology for the HCA was seen in the SEM images on the inorganic 
and the 100GC_2 samples shown in Figure 6.7. Figure 6.7(a) shows a low 
magnification SEM image of the nanocomposite, with large amounts of HCA 
deposited after 72 h on the micron sized inorganic particle aggregates within the 
nanocomposite. The Figure 6.7(b) shows the magnification of the needle like 
morphology which is commonly found for HCA grown on sol-gel glasses [192], this 
is also similar to the HCA morphology found on the inorganic sample (Figure 6.7(c).  
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Figure 6.7.  SEM images of the sol-gel materials immersed in SBF for 72 h. The 
sample 100GC_2 at low magnification (a) and (b & c) 100GC_2 and 70S30C 
inorganic at higher magnification showing the needle like structure of the HCA.  
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The HCA on 100GC_1 showed quite a different morphology (Figure 6.8). It 
exhibited a cauliflower like morphology (previously described as flake like [198]) 
morphology. The amount of HCA deposited compared to 100GC_2 sample was very 
low. Li et al. [198] have reported that the addition of F ions to SBF solution induces 
the formation of needle like HCA on the silica gels produced via sol-gel route. Both 
the inorganic and 100GC_2 samples were gelled with HF and the F ions were 
detected in the samples after drying using EDX (Figure B.3). Therefore the release of 
F ions into the SBF from these two samples had induced the formation of the needle 
like HCA. Li et al. also concluded that the flake-like HCA was formed when the SBF 
pH was at around 7.4. The sample 100GC_1 produced the flake-like HCA after 72 h 
at which point the SBF pH was at 7.15 (Figure 6.1). Therefore it seems there was 
another factor influencing the morphology of the HCA in 100GC_1. Regarding the 
size of the flake-like HCA, Zhang et al. [95] showed that it reached a maximum size 
of 1.5 – 2.0 μm in SBF on the PLLA foams after 30 days of incubation, where here 
the HCA particles had grown to 2 μm within 3 days, indicating maturation had been 
achieved. 
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Figure 6.8.  SEM images of nanocomposite 100GC_1 (a and b) and the EDX 
analysis results (c) and spectra (d) on the HCA on (b).  
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One explanation as to why the two P-O bending vibrations in the FTIR spectra in 
Figure 6.3 were not seen for the inorganic sample and the 50GC_2 could be due to 
sampling problems. It may have been that the HCA only formed on the surface of the 
solid sample and that the powder used for FTIR was from the centre of the sample. 
The sampling for the inorganic and the 50GC were derived in this way while the 
100GC samples the FTIR was performed on powder from the surface of the sample, 
giving rise to reliable data on the HCA. 
6.3.2 Cell attachment 
LIVE/DEAD cell viability assay 
Cell death on the nanocomposite monolith was assessed with a qualitative 
LIVE/DEAD cell viability assay. Live cells take up and metabolise calcein-AM and 
fluoresce green. Dead (necrotic/late apoptotic) cells have breached membranes, 
which allow entry of ethidium-homodimer 1 that gives a red fluorescence when 
bound to nucleic acids in the nucleus. Figure 6.9 shows an indicative image of the 
cells cultured on the 100GC class II nanocomposite monolith’s surface for 4 days 
demonstrating that the materials were not cytotoxic and did not induce cell death, 
which is demonstrated by red cells.  
200 µm
 
Figure 6.9.  LIVE/DEAD staining of cells cultured on 100GC class II 
nanocomposite monoliths for the period of 4 days. Dead cells are red. 
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Cell attachment 
Figure 6.10 shows the SEM images of the 100GC class II nanocomposite monolith’s 
surface following culture of SaOs-2 cells for 4 days. SEM revealed that the cells 
attached and spread on the nanocomposite. Figure 6.10(a) shows a number of cells 
attaching on the sample. When cells on the nanocomposite’s surface were viewed at 
higher magnification large adhesion areas were visible indicating strong adhesion 
(Figure 6.10(d)). Cells were also observed to spread and form numerous cellular 
extensions (filopodia) (Figure 6.10(d)). 
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Figure 6.10.  SEM images of nanocomposite 100GC after cell culture for 4 days. 
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6.4 Summary 
6.4.1 Stability 
The bonding between the polymer and the inorganic determined the stability of the 
nanocomposite monoliths. It was found that due to their weak intermolecular forces 
and H-bonding, the class I nanocomposites broke up rapidly on contact with water 
and SBF. The class II nanocomposite which potentially had covalent bonding 
between the two phases, was more stable; however, large amounts of the polymer 
was found to leach out quite readily. This suggests that the interaction and 
distribution of the two phases, rather than the bonding between them, is critical to 
stability. In the class II nanocomposites the better phase compatibility arising from 
the having GPTMS leads to a continuous inorganic matrix which provides a stronger 
and more stable structure. Therefore, the stability of class II nanocomposites results 
from the indirect influence of covalent bonding. 
6.4.2 Bioactivity 
All the samples which had calcium showed indications of HCA formation after 
immersion in SBF with in 24 h. The 50GC_1 did not show any indication of the 
deposition of a calcium phosphate layer on the nanocomposite. This indicated that 
the release of calcium from the sample causing supersaturation of calcium in the 
SBF, was required to induce HCA formation. It was also difficult to rule out the 
potential of the γ−PGA for inducing HCA formation since most of the polymer was 
found to leach out of the nanocomposite.  
The inorganic and 100GC_2 formed HCA after just 24 h of incubation. Although the 
pH of the SBF solution after nanocomposite immersion dropped to below 7.4 due to 
the leaching of the acidic polymer, HCA formation was not hindered.  
No concrete evidence was found to support the formation of HCA on the 50GC_2 
sample, however the ICP results indicate a calcium phosphate rich layer was 
deposited after 72 h of incubation.  
The 100GC_1 also had formed HCA after 72 h of incubation, however only an 
amorphous background for the glass was observed from the XRD spectra. Perhaps 
the cauliflower like calcium phosphate rich particles observed from SEM were 
amorphous HCA and therefore not detected by XRD. 
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7 Foaming and characterisation of the class II 
γ−PGA/ inorganic nanocomposite 
7.1 Introduction  
The ultimate aim of the project was to fabricate tough porous bioactive scaffolds for 
in situ bone regeneration. In chapter 6 the synthesis of tough and flexible 
nanocomposite monoliths was demonstrated via an organic/inorganic nanocomposite 
route. However to realise the ultimate aim, of an open cell structure the 
nanocomposite sols were foamed to create macroporous scaffolds. The aim was to 
create macroporous nanocomposite foams with porosity and interconnectivity 
suitable for cell seeding, nutrient delivery and tissue growth. The foams were 
scanned using μCT to produce 3D images and the pore and interconnect sizes were 
quantitatively analysed using the same μCT data. These were then compared to the 
inorganic foams described in Chapter 3.  
Due to time constraints, the foaming study was a proof of principle experiment to 
assess the feasibility of the process to produce porous class II scaffolds. Time did not 
allow for a systematic study of the processing variables.  
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7.2 Materials and methods 
7.2.1 Foaming 
Table 7.1 shows the composition of the foams that were successfully produced. 
Initially the foaming process was carried out on a calcium free composite (F-3). The 
following procedure describes the foaming of 15 ml of calcium free nanocomposite 
sol.  
A 10 ml aliquot of nanocomposite sol was decanted into a polypropylene beaker, to 
which 0.6 ml of 5 vol% HF and 0.05 ml of surfactant (Teepol, Thames Mead Ltd.) 
were added. The solution was foamed with vigorous agitation in air. 5 ml of water 
was added after 5 minutes of mixing to improve the efficiency of the surfactant (final 
sol volume = 15 ml). Just before gelling, the foams were poured into 
poly (methylpentene) (PMP) or poly (fluoro alkoxy) (PFA) moulds, which were 
immediately sealed. The gelling was allowed to complete in the moulds. Two 
batches of foams were made with each batch producing 4 foams.  
The calcium containing nanocomposite foams were produced by vigorous agitation 
of a mixture of 50 ml sol, 3 ml of 5 vol% HF and 0.3 ml Teepol. The foams were 
poured into moulds and sealed before gelation. The nanocomposite sols containing 
calcium F-Ca-0 and F-Ca-5 were hydrolysed for 0 and 5 days before foaming, 
respectively. Two and four batches of the F-Ca-0 and F-Ca-5 foams were made, 
respectively, resulting in a total of 34 foams.  
The calcium free foam also had higher weight percent polymer (50 wt%) than the 
other two (40 wt%). More water was added to the F-3 foam at the foaming stage to 
increase foam volume. The other two calcium containing nanocomposites were 
prepared without the addition of water. The amount of DMSO evaporated and water 
added to the sol are also given in the Table 7.1. As well, Table 7.1 gives the total 
Table 7.1.  Nanocomposite sol composition and the materials added during 
foaming. (RVE = rotary vacuum evaporation) 
Water Sol vol Teepol HF 
(ml) (ml) (ml) (ml)
Comp (wt %)
F-3 50 – 5GC 100S 50 40 5 15 0.3 1.5 9
F-Ca-0 40 – 
100GC
70S30C 60 87 0 50 0.2 3 2.7
F-Ca-5 40 – 50GC 70S30C 60 60 0 50 0.1 6 11.5
Sample 
name
Sol Composition RVE. 
DMSO 
(vol %)
Gel time
(min)Organic 
(wt %)
Inorganic
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nanocomposite sol volume after adding water, amount of surfactant and HF used, 
and gelation time after HF was added.  
7.2.2 Drying 
The gelled foams were transferred to an aging oven which was pre-heated to 60°C 
and aged at 60°C for 72 h. Then the mould tops were unscrewed to allow drying to 
take place. The drying was performed for 94 h at 60°C.  
7.2.3 μCT for non-destructive quantification macropores 
Three dimensional images of the nanocomposite foams were acquired using 
Phoenix® X-ray micro computed tomography (μCT). The three samples F-3, F-Ca-0 
and F-Ca-5 were scanned at 4, 3.8 and 2.5 μm resolutions, respectively. 
Quantification of the pore and interconnect sizes were performed on small sub 
volumes which were cut out of the original μCT data. See Chapter 3 for further 
details on the quantification methods used.  
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7.3 Results & discussion 
7.3.1 Synthesis of the foams 
The presence of polymer should help to create stable foams by increasing the 
viscosity of the sol, however the presence of DMSO in the nanocomposite sol 
hindered the foaming of the nanocomposite and also increased gelling time. At the 
foaming stage, the addition of extra water helped stabilise the bubbles and increased 
foam volume markedly. The surfactant Teepol needs water to be efficient otherwise 
it will not reduce affects of DMSO. The incorporation of CaCl2 in the nanocomposite 
sol did not appear to have a significant influence on the foaming.  
7.3.2 Characterisation of the foam macrostructure  
Calcium free foams 
Figure 7.1 shows the 3D macroporous structure generated using μCT of the class II 
nanocomposite F-3 that contains 50 wt% 5GC crosslinker coupled γ−PGA and 
50 wt% inorganic (100 % SiO2). Qualitatively, it shows that the foam had large pores 
of the order of 200 – 500 μm in diameter. The pores were of irregular morphology 
500 μm  
Figure 7.1.  3D μCT image of a nanocomposite with 50 wt % crosslinker coupled 
γ−PGA and 50 wt % SiO2.  
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and there were large numbers of interconnects per pore. Importantly, the 
interconnects were also large (~100 μm) which is important for cell migration and 
nutrient flow into the centre of the scaffold.  
Figure 7.2 shows the 3D pores of a small sub volume of the nanocomposite F-3 
shown in Figure 7.1. The pores were segmented (identified) using the procedure 
described in section 3.2.4 and each pore was coloured differently. Figure 7.2(a) 
shows two regions circled red where the segmentation had not worked well. One 
region shows over segmentation where a single pore was segmented into 4 pores and 
the other region shows under segmentation where two pores were not segmented 
even though by eye they look as if they are two individual pores. Figure 7.2(b) shows 
the same volume at a different viewing angle, the 3D pores show good segmentation. 
This indicates that the pore identification and analysis method was only partially 
successful for this nanocomposite foam due to complex pore structure. 
Pore size distribution 
Figure 7.3 shows the pore size distribution of the F-3 nanocomposite foam. The 
number density and the volume fraction distributions were plotted against the pore 
diameter. The number density represents the number of pores of a given diameter in 
a given volume. The volume fraction, also plotted in Figure 7.3, represents the 
500 μm500 μm
(a) (b)
Figure 7.2.  3D segmented pore images of the nanocomposite in Figure 7.1
showing bad segmentation (a) (circled in red) and good segmentation (b). 
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fraction of a given volume to the total pore volume within in a given volume of a 
nanocomposite analysed.  
The macropore diameter ranged from 23 – 625 μm, giving rise to a very broad 
distribution with a modal pore diameter of 76 μm from the number density plot. 
However, although there are a large number of fine pores, they represent an 
extremely small fraction of the volume of the total porosity. This is also shown in 
Figure 7.3 by plotting the pore size distribution normalised by volume fraction. Over 
99 % by volume of the foam porosity was contained in pores with a diameter >100 
μm.  
The number density gives an indication as to the number of pores of a given size, 
which is a useful indicator of the overall pore size of the nanocomposite. However, 
the volume fraction gives an indication of the pore size relative to the total pore 
volume. A single large pore will occupy more pore volume than a few small pores, 
therefore the pore size that occupies the most amount of pore volume becomes an 
important variable. In the case of a tissue regeneration scaffold, if a single large pore 
were to be surrounded by small pores, only material that will pass through the small 
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Figure 7.3.  Pore size distribution of the class II nanocomposite foam that does not 
contain any CaCl2. 
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pores will get to the large pore. Therefore the number of large pores as well as the 
volume occupied by these pores becomes important. 
Interconnect size distribution 
Figure 7.4 shows the area fraction weighted size distribution of the interconnect. This 
figure shows that 75 %of the area connecting pores is in holes > 100 μm in diameter, 
allowing easy cell seeding. The area fraction is a measure of the fraction of a given 
interconnect area to the total area of interconnects in a given volume. The number 
density of interconnects is also plotted on Figure 7.4. It shows that there were also a 
large number of fine interconnects between the fine pores, allowing flow and 
dissolution, but cell ingress would not occur until significant dissolution has taken 
place.  
The modal interconnect size is the most important characteristic of a scaffold when 
determining its suitability for bone tissue regeneration [26, 160] as it determines the 
flow characteristics of the scaffold. If a scaffold has large pores but small 
interconnects, it will have poor flow properties. The class II nanocomposite has a 
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Figure 7.4.  Interconnect size of the class II nanocomposite foam plotted with 
number density and area fraction.  
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pore and interconnect size distribution more than sufficient for tissue scaffold 
applications.  
7.3.3 Macroporous structure of nanocomposite foams containing 
calcium 
The calcium containing scaffolds were also successfully foamed as shown by μCT 
slices in Figure 7.5. A number of brighter regions are circled in red in this figure 
corresponding to higher X-ray attenuation. These regions were thought to be 
crystalline CaCl2, since the formation of CaCl2 during the drying process was shown 
to occur in the nanocomposites in section 5.3.6. Calcium has the highest atomic 
number of all the elements expected to be present in the nanocomposite, and 
therefore it has a higher X-ray attenuation as compared to the nanocomposite 
material. The most probable locations for the CaCl2 crystals formation were surfaces 
and/ or pore walls, this was where the last remaining water or DMSO evaporated 
from.  
Figure 7.6 shows the 3D images of the F-Ca-0 (Figure 7.6(a)) and F-Ca-5 (Figure 
7.6(b)) nanocomposite foams containing calcium. The foam F-Ca-0 shows a very 
interconnected porous structure with spherical pores which were of the order of 
500 μm  
Figure 7.5.  Orthoslices of F-Ca-0 nanocomposite foam generated from μCT data 
showing CaCl2 deposition circled in red. 
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500 μm diameter and interconnect size between 100 – 200 μm, ideal for bone tissue 
regeneration. The Figure 7.6(b) shows a non homogeneous porous structure with 
some 300 – 400 μm sized large pores and many pores smaller than 100 μm in 
diameter. The large pores appear to be spherical and highly interconnected.  
Pore size distribution 
Figure 7.7 shows the pore size distribution of the calcium containing nanocomposite 
foams F-Ca-0 and F-Ca-5. The F-Ca-0 distribution shows that 99 % of the total pore 
volume was occupied by pores that were greater than 100 μm in size and that of F-
Ca-5 was 95 %. The modal pore size of 360 and 266 μm were calculated for the 
foams F-Ca-0 and F-Ca-5, respectively.  
(a)
250 μm
250 μm
(b)
 
Figure 7.6.  Calcium containing organic/inorganic nanocomposite foams F-Ca-o 
(a) and F-Ca-5 (b). 
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Interconnect size distribution 
Figure 7.8 shows the distribution of interconnect size against normalised frequency 
of the nanocomposite foams F-Ca-0 and F-Ca-5. The F-Ca-0 had a modal 
interconnect size of 90 μm and the interconnect sizes ranged from 7 – 255 μm. The 
F-Ca-5 had smaller modal interconnect size compared to the F-Ca-0 foam.  
The F-Ca-5 had a single modal interconnect size of 17 μm, however, the distribution 
has a large shoulder between the mode and 200 μm, indicating the presence of 
significant number of large interconnects in the foam. When the interconnect sizes 
were normalised with respect to area and the area fraction distribution for these 
nanocomposites were plotted the large interconnects took precedence (Figure 7.9).  
Both nanocomposite foams F-Ca-0 and F-Ca-5 had a single modal interconnect size 
of 151 and 153 μm in the area fraction distribution, respectively. The calculated 
modal interconnect value for the F-Ca-0 foam seems reasonable, when comparing to 
the image in Figure 7.6(a), but the modal interconnect size for F-Ca-5 seems to be 
high end and quite difficult to trust when compared with the image in Figure 7.6(b).  
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Figure 7.7.  Pore size distributions of the nanocomposite foams F-Ca-0 and 
F-Ca-5. 
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Figure 7.8.  Interconnect size against normalised frequency for the F-Ca-0 and 
F-Ca-5. 
10 100
0.00
0.05
0.10
0.15
0.20
0.25
0.30
A
re
a 
Fr
ac
tio
n
Interconnect Size (μm)
F-Ca-0
F-Ca-5
40030 50 70 200
A
re
a 
Fr
ac
tio
n
 
Figure 7.9.  Interconnect size against area fraction for the calcium containing 
nanocomposite foams F-Ca-0 and F-Ca-5 samples. 
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The F-Ca-0 nanocomposite foam has 71 % of the TIA to account for interconnects 
larger than 100 μm, while only 54 % of the TIA corresponded to interconnects 
greater than 100 μm. This shows that the large number of interconnects were 
significantly smaller in the F-Ca-5 compared to F-Ca-0 nanocomposite foam. The F-
Ca-5 foam in Figure 7.9 shows interconnect size distribution has a large shoulder to 
the left of the mode, here around 25 % of TIA account for interconnects smaller than 
50 μm, the same interconnects in F-Ca-0 account to only 7 % of the TIA. This 
illustrates the large percent of small interconnects in F-Ca-5 as seen in Figure 7.6. 
The plot in Figure 7.9 for F-Ca-5 also highlights that the modal interconnect size 
from the area fraction distribution alone was not sufficient to accurately represent the 
interconnect size distribution of the nanocomposite. The whole distribution has to be 
well analysed to get the true picture of interconnect size distribution of the foams.  
Table 7.2 summarises the pore network characterisation of the nanocomposites and 
for comparison includes the pore network characteristics of the 70S30C glass foam 
800°C sintered. The percentage porosity determined from μCT data of all the foams 
were greater than 70 % except the F-Ca-5, while the 70S30C glass scaffold had the 
highest porosity. The pore and interconnect sizes of the nanocomposites were less 
than half the size of the 70S30C. The more useful indicator IA > 100 μm shows that 
99 % of interconnect area in the 70S30C foam are dominated by interconnects 
greater than 100 μm, while the nanocomposites F-3 and F-Ca-0 have 75 and 71 % for 
this, respectively. The F-Ca-5 has most number of small interconnects and IA > 100 
μm of 54 % which was also the lowest of all the nanocomposites.  
Table 7.2.  Summary of pore network characterisation of the nanocomposite and 
comparison with 70S30C.  
70S30C 448 1646 73 717 214 298 99
F-3 224 436 71.6 462 35 145 75
F-Ca-0 341 955 72 360 90 151 71
F-Ca-5 181 528 66.8 266 17 153 54
μCT Porosity = the porosity calculated from the μCT data (does not include the mesopores), 
D mode = modal pore diameter, I mode = modal interconnect size, 3D = from 3D analysis, VF = 
Volume Fraction NF = normalised frequency, AF = area fraction and IA  = interconnect area.
I mode (3D) 
NF [μm]
I mode (3D) 
AF [μm]
IA >100 μm 
(%)
Sample 
name
# pores 
analysed
D mode (3D) 
VF [μm]
# intercon. 
analysed
% μCT 
Porosity
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The pore and interconnect sizes of the three calcium containing foams arrange in the 
order F-Ca-5 < F-Ca-0 < 70S30C. The foaming system employed, i.e., amount and 
type of surfactant, foaming container and foaming blades used were all optimised for 
the glass foaming. Which means for the nanocomposite that contains 40 wt% organic 
the foaming process will not be optimum. The F-Ca-0 was found to have bigger pore 
and interconnect sizes than F-Ca-5. It was shown in section that the longer the 
nanocomposite sol was left to hydrolyse and react the higher the influence on the gel 
structure by the polymer. Therefore the F-Ca-5 nanocomposite which was left to 
react for 5 day compared to 0 days for the F-Ca-0, the organic would play a bigger 
role in the gel formation.  
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7.4 Summary 
The feasibility of producing nanocomposite foams was successfully shown in this 
chapter. The nanocomposite foams F-3 and F-Ca-5 had non homogeneous porous 
structure, with a wide range of pore and interconnect sizes but still adequate for 
tissue regeneration. Of the three nanocomposite foams the F-Ca-0 had the most 
homogeneous pore network with spherical pores. It had adequate pore and 
interconnect sizes for tissue regeneration, however some of the calcium in the F-Ca-0 
had redeposited on the surface of the pore walls as CaCl2.  
The longer reaction time seems to reduce the pore and interconnect sizes of the 
nanocomposite foams. This was demonstrated with the decrease in modal pore and 
interconnect sizes of the nanocomposite foams in the normalised frequency 
distribution which followed the order F-Ca-0 > F-3 > F-Ca-5. This may be due to the 
change in the gel formation mechanism due to increased influence by the polymer 
which also influences the foaming behaviour.  
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8 Conclusions & further work 
This thesis has highlighted the need for scaffold materials that mimic human bone 
closely and for better scaffold 3D structural characterisation techniques. It has 
demonstrated μCT imaging and quantification to be an excellent technique for the 
complete characterisation of the pore network of a macroporous scaffold. New 
scaffold materials which are a close match to human bone at nano and macro scale 
have been developed. Nanocomposite scaffolds have been developed for the first 
time using enzymatically degradable polymers that are covalently crosslinked to the 
inorganic phase and for the first time with interconnected pore networks suitable for 
bone regeneration.  
8.1 Non-destructive quantification of bioactive glass scaffolds 
8.1.1 Conclusions 
MicroCT imaging and quantification technique was presented as a superior method 
to SEM and MIP for the analysis of 3D pore network of porous scaffolds. Full 
imaging and quantification of the scaffold’s porous network was generated non-
destructively from μCT. As well as improving on the prior algorithm developed by 
Atwood et al. [169] it was also illustrated how this non-destructive technique can be 
applied to quantify pore and interconnect size in 3D for each individual pore and 
interconnect throughout the entire network. As the improvement on the previous 
algorithm a correction factor of 1.4 was applied to the interconnect size, which gave 
more accurate interconnect size.  
The calculated pore and interconnect sizes demonstrated that the 70S30C bioactive 
glass has structure which fulfils most of the criteria for bone tissue engineering.  
8.1.2 Further work 
The quantification technique can be further improved by calculating the minimum 
rather than the maximum interconnect diameter. Restriction to the migration of cells 
would be presented by the minimum diameter rather than the maximum. The 
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permeability depends highly on the interconnect sizes, the interconnects themselves 
depend on the thresholding. Therefore the impact of varying the threshold and the 
resolution on the interconnect distribution has to be studied. The technique also 
depends on several user inputs, by automating the technique human error and 
discrepancies due to miss judgement can be avoided. 
The μCT quantification technique used in this thesis works extremely well when the 
pores are spherical and homogeneous, however when the pores are extremely open 
and tortuous as in trabecular bone the segmentation of the connected pores becomes 
difficult. For such cases improved segmentation technique has to be developed.  
Three dimensional μCT volumes have been meshed and imported into finite element 
packages to predict the mechanical and flow properties of the scaffold. The same can 
also be performed on the 70S30C scaffolds as a function of sintering temperature and 
with scaffold dissolution and tissue growth.  
8.2 Organic/inorganic nanocomposites 
8.2.1 Conclusions 
Class I and class II organic/inorganic nanocomposite monoliths and foams were 
synthesised using the sol-gel route. Class II nanocomposites with polymer 
crosslinked to inorganic and both phases continuous have resulted in flexibility. The 
dissolution rate, bioactivity and cytotoxicity of the nanocomposite monoliths were 
also tested. The pore and interconnect sizes of the organic/inorganic nanocomposite 
foams were also calculated using the 3D image analysis techniques developed in this 
thesis. 
Choice of polymer and functionalisation 
Poly(γ−glutamic acid) was used in two forms, Na-salt and free acid, which were 
found to be in random and β-sheet secondary structure. The salt form was soluble in 
water while the free acid γ−PGA dissolved only in DMSO.  
GPTMS was found to covalently bond to γ−PGA by epoxy ring opening reaction at 
80°C. However, the GPTMS self crosslinking through the trimethoxy silane groups 
was also observed with 29Si solid-state NMR. The degree of GPTMS self 
crosslinking was found to reduce when the solute concentration (γ−PGA wt/ 
DMSO vol %) was increased and the reaction time decreased. Therefore the coupling 
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reaction was allowed to take place for 8 h and at a solute concentration of 
100 wt/vol % to minimise GPTMS crosslinking to itself.  
Synthesis of nanocomposites 
Class I γ−PGA/inorganic nanocomposites were found to be as brittle as the inorganic 
alone and they were found to disintegrate immediately after contact with water. Class 
II nanocomposites were found to have much improved stability in water, however 
large variation in the physical properties between samples were observed which were 
directly influenced by the nanostructure. The nanostructure was found to be 
influenced by the nanocomposite components such as the DMSO amount, CaCl2 
content the amount of crosslinking (GPTMS) and the processing conditions such as 
gelling agent, time and temperature. The preferred nanostructure is one where both 
the organic and inorganic phases are covalently crosslinked to each other and are 
continuous so that at the macro-scale the hybrid behaves as a single material. The 
solubility and homogeneity of the organic in the inorganic phase is critical.  
The γ−PGA is hydrophobic and it was found to phase separate in the class I systems. 
This explains the poor stability of the class I nanocomposites. However, with the 
addition of DMSO and GPTMS higher phase mixing was achieved. 
Influence of DMSO, crosslinking and CaCl2 on mixing of nanocomposite sol 
The DMSO was highly influential to the homogeneity of the two phases in the sol-
gel system. It was found that when DMSO was removed beyond a certain threshold 
at the RVE stage, severe phase separation would occur in the sol. This was indicated 
by the change in appearance of the sol from transparent to cloudy. This resulted in a 
structure where large organic particles were present within inorganic matrix. 
Therefore the presence of DMSO reduced the miscibility of the two phases.  
DMSO was also found to reduce the ionic crosslinking of the polymer through 
calcium. It was therefore vital that DMSO was present in the nanocomposite sol to 
prevent Ca from crosslinking the polymer and inducing phase precipitation. The 
amount of DMSO required to stop phase separation was found to depend on the 
degree of crosslinking and addition of CaCl2. The polymer containing a high degree 
of coupling (5GC) was expected to be more compatible with the inorganic due to 
higher GPTMS content, however due to the problems of associated with high 
viscosity and the polymer bonding to evaporating flask not more that 50 vol% 
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DMSO was evaporated. At the lowest coupling (100GC) up to 90 vol% DMSO was 
evaporatable, however the nanocomposite sol was observed to become translucent 
after the addition of CaCl2. Indicating that the amount of DMSO present was too low 
to stop Ca from crosslinking the polymer. 
Gelation of nanocomposite sols 
The use of HF as a catalyst had significant influence on the nanostructure. The 
gelling of nanocomposite sol containing CaCl2 with HF gave a homogeneous 
structure with both organic and inorganic acting as matrix, where as the same 
nanocomposite sol without CaCl2 resulted in inorganic matrix with organic particles 
phase separated. However the same nanocomposite sol without CaCl2 gelled without 
HF, resulted in a viscoelastic nanocomposite.  
Longer gelling time at room temperature was found to induce phase separation if the 
nanocomposite sol was left unstirred. This was due to the DMSO containing organic 
rich phase and water containing inorganic rich phase separating out. However, at 
60°C semi-accelerated gelation took place which produced transparent and 
viscoelastic nanocomposite monoliths.  
Higher degree of crosslinking (increased GPTMS) was found to reduce gelation time 
by a significant amount. This indicated the higher role of GPTMS in gel formation 
and so influence on the nanostructure. 
Drying of nanocomposite gels 
As shown by the 29Si MAS NMR only a portion of the calcium was found to enter 
the inorganic network as Ca2+, while the rest was found as CaCl2 which after drying 
absorbed water from the air. Maximum drying temperature of 60°C resulted in 
residual DMSO in the nanocomposites. DMSO was successfully removed after 
immersion of the nanocomposite in acetone for 15 minutes. DMSO was also 
successfully removed from nanocomposite foams by drying at 100°C over steam; 
this also resulted in calcium crosslinking of polymer after drying. The calcium 
crosslinking after gelation would benefit the nanocomposite by slowing down 
degradation and control calcium release, however the stability and calcium release 
were not tested for these samples. 
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Bioactivity of nanocomposite monoliths 
All the samples containing calcium showed indication of HCA formation. It was also 
demonstrated that calcium supersaturation of the SBF was required to form HCA. 
The most bioactive samples were those gelled with HF where the inorganic was more 
stable, mature HCA was detected after just 24 h of incubation in SBF. Perhaps the 
stable inorganic gave a favourable platform upon which HCA could be grown.  
Nanocomposite foams 
The feasibility of producing macroporous foams using the sol-gel foaming methods 
developed by Sepulveda et al. [9] was successfully demonstrated for foaming of the 
nanocomposite sols. However, the modal pore and interconnect sizes were smaller 
than those observed with inorganic bioactive glasses. The porous structure was also 
not very homogeneous. However, the pore networks were suitable for tissue 
engineering. The μCT quantification technique were also successfully applied to 
characterise the in the 3D pore network of the foams. 
8.2.2 Further work 
This thesis has successfully addressed several challenges, however has also 
introduced some more new problems. The challenge of synthesising a homogeneous, 
nano phase separated and continuous composite has been fulfilled. The problems that 
remain to be resolved are: 
1. the polymer leaching out of the nanocomposite; 
2. calcium source; 
3. increasing pore size and improving homogeneity of the nanocomposite 
foams; and 
4. testing the enzymatic degradation of the nanocomposite foams. 
Solving polymer leaching problem 
Although bioactivity was demonstrated in the 50GC and 100GC crosslinked samples 
the problem remains with the polymer leaching out of the nanocomposite. Increasing 
the crosslinking to 5GC or 10GC would reduce leaching, but would also reduce the 
toughness of the nanocomposite. Therefore a compromise on crosslinking, stability 
and toughness has to be found. Another way to increase crosslinking and not 
compromise on toughness is to increase the polymer content of the nanocomposite. 
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During experimentation it was noted that as soon as the samples were immersed into 
water, the solvent in the sample diffused out into the water and became miscible. It 
was also found that the polymer which was not bonded to the inorganic also came 
out into the solvents. This explained the reduction in the height of the amide peaks. 
Therefore, it was thought that the degree of crosslinking was not enough to cause 
adhesion to the inorganic. However, after a few days in water the polymer which had 
diffused into the water precipitated out of water by crosslinking to itself. Therefore it 
was safe to say that sufficient amount of GPTMS was used and that the GPTMS was 
also coupled to the polymer. This also pointed out that the reaction between the 
crosslinker coupled polymer and the inorganic silica was not going to completion 
during the nanocomposite synthesis. This could be overcome by first reacting the 
GPTMS with the hydrolysed TEOS and then adding the γ−PGA to this solution. This 
way the GPTMS to silica network would be complete before the GPTMS to γ−PGA 
takes place. 
Calcium source 
Calcium was incorporated as CaCl2, which did not efficiently donate Ca under the 
process conditions, therefore calcium could be incorporated as Ca(OH)2 or calcium 
alkoxide (such as calcium methoxy ethoxide) to the crosslinker coupled polymer. 
These may dissociate to calcium ions and enter the nanocomposite network easily. 
Scaffold production 
Vacuum can be applied to increase foam volume prior to gelling, which increases 
pore size and porosity. The influence of water addition on foaming needs to be 
investigated further. 
The fact that the system has an organic polar aprotic solvent in the form of DMSO, 
the foaming variables such as surfactant type and concentration, agitation speed and 
foaming container needs to be tailored. The surfactant used in the current study is a 
water based surfactant, therefore a surfactant that will work with organic solvents 
especially DMSO needs to be identified.  
Testing 
Once the above challenges are overcome in vitro degradation needs to be tailored to 
suit bone growth and mechanical testing in compression, tension and bending needs 
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to be performed to match that of bone. Finally, in vitro and in vivo testing needs to be 
performed on the optimised nanocomposite scaffold. One such in vitro testing would 
be on the enzymatic degradation of the nanocomposite foams. 
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Appendix A – Surfactant Teepol composition 
 
Table A.1.  Composition of the main ingredients used in the surfactant Teepol 
used in the foaming process.  
Substance %
Dodecylbenzene Sulphonic Acid 5-15
Sodium Hydroxide <5
Magnesium Chloride <1
C9-C11 Pareth-10 <5
Sodium C12-C15 Alcohol Ether Sulphate <5
ethanone, 1-(2-napthalenyl) <1
Eugenol <1
Geranoil <1
Hydroxycitronellal <1
Lemon Terpenes <1
Lily aldehyde <1
Musk Xylene <1
Nerolin Bromelia <1
pentyl-2-hydrobenzoate <1
Citral <1
Diethyl Phalate <1
1-Decanal <1
10-Undecanal <1
2-hydroxy fatty allcohol ethoxylate <1
dodecanal <1
Formaldehyde <1
Methanol <1
2-bromo-2-nitropropanol-1,3-diol <1   
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Appendix B - Class I nanocomposites 
B.1  Na+ γ−PGA polymer nanocomposites 
The sodium salt polymer was first used in the calss I nanocomposite synthesis, this 
was because it was received from Polyglu® in the sodium salt form.  
B.1.1 Addition to 100S 
The Na+ salt form of γ−PGA dissolved in water when added to 100S sol, giving a 
clear solution which turned cloudy after gelation. Gelling without addition of HF 
took a few hours compared to 3 days for conventional inorganic 100S or 70S30C 
sols. However, gelling with HF did not seem to have major influence on the gelling 
mechanism of the lower wt % polymer, but once the polymer wt% was increased it 
took longer to gel. The sol:HF ratio 17:1 produced a gel in approximately 12 minutes 
for a 70S30C sol while the 20 wt% Na+ γ−PGA nanocomposite gelled in 
approximately 10 minutes. 
When the amount of polymer in the nanocomposite was increased to 40 wt% the 
viscosity of the sol increased. After mixing the γ−PGA and inorganic sol the solution 
was clear, but during gelling the nanocomposite gels became opaque as was found 
with 20 wt% nanocomposite. The use of gelling catalyst HF with sol:HF ratio 17:1 
resulted in gelling time of 30 minutes for the 40 wt% nanocomposite compared to 
just 10 minutes for a 20 wt% nanocomposite.  
The results indicate that the introduction of the polymer was hindering gelling by 
HF. However, without HF the gelling was observed to accelerate when compared to 
20 wt% polymer due to the presence of higher amount of polymer.  
Figure B.1 shows the SEM images of the nanostructure of the 70S30C 
inorganic sintered to 800°C (a) and (b-d) the 40 wt% Na+ γ−PGA nanocomposites 
dried at 90°C. The nanocomposite shows a phase separated microstructure in Figure 
B.1(b) with silica particles on the top part of the image (Figure B.1(c)) and polymeric 
phase (Figure B.1(d)) at the bottom part of the image. The structures for both the 
70S30C and inorganic in the phase separated nanocomposite were identical at the 
nanoscale, indicating that the polymer was not integrated into the silica phase. 
However, the polymeric phase (Figure B.1(d)) seems to show encapsulated particle 
structure. 
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B.1.2 Calcium incorporation in the Na+ γ−PGA polymer nanocomposite 
Addition to 70S30C  
Initially, Na+ γ−PGA was added to the calcium chloride containing 70S30C 
inorganic sol, which caused immediate precipitation of the polymer phase. The 
exchange between Na+ in the polymer and Ca2+ in the sol was expected to take place 
after adding to sol. The precipitation was thought to be due to the ionic crosslinking 
of the γ−PGA chains by Ca2+ ions from the sol.  
Calcium uptake into Na+ γ-PGA/ 100S nanocomposite from solution of Ca2+ 
Calcium was incorporated into the Na+ γ−PGA polymer nanocomposites via the 
uptake of Ca2+ ions into the nanocomposite from a solution containing Ca2+ ions. The 
solution was flowed through the foams of the class I Na+ γ−PGA nanocomposites 
with pore size > 500 μm shown in Figure B.2 at a constant flow rate. Foams 
containing 20 and 40 wt% polymer were used.  
EDX was performed on these samples before and after the flow experiment. After 
uptake of Ca2+ from solution was performed for 6 h the samples were immersed in 
100 nm
100 nm 1 μm
(a)
100 nm
(c) (d)
(b)
 
Figure B.1.  SEM images of sol-gel glass sintered at 800°C (a) and class I 20 wt% 
Na+ γ−PGA nanocomposite (b-d). 
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SBF (refer to section 6.2.1 for more details on SBF testing) for 72 h. Figure B.3 
shows the EDX spectra from the polymer nanocomposite before and after uptake.  
The EDX shows the presence of C, O, Na, Si and Cl in the nanocomposites before 
uptake (Figure B.3 (a)). After 6 h only the 40 wt% polymer shows the presence of 
calcium. However, the EDX spectra shows that both foams lost all their sodium. The 
sodium comes from the polymer; suggesting that the polymer may have leached out 
during the flow process, leaving only the inorganic phase. This was also supported 
by the very small amount of carbon present after flow (Figure B.3 (b&c)). Calcium 
may have deposited on the silica surface unaffected by the polymer, in which case 
the 20 wt% nanocomposite should also show calcium. The flow of the calcium 
solution was difficult to control due to the constant mass loss of the samples. The 
1 mm  
Figure B.2.  3D μCT image of a 20 wt% Na+ γ−PGA nanocomposite foam.  
0 2 4
Energy (keV)
(b)
0 2 4
Energy (keV)
(c)
0 2 4
Energy (keV)
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Figure B.3.  EDX spectra of Na+ γ−PGA nanocomposite foams with 40 wt% 
polymer (a) and after uptake for 6 h for the 20 wt% polymer (b) and the 40 wt% 
polymer (c). (Sample a was coated with Cr and samples (b) and (c) were coated with 
gold) 
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porosity of the sample plays a major role in the flow of the calcium solution, it is 
possible that the spectra for the 20 wt% sample was taken in an area with no or little 
flow. However, the 40 wt% would be more porous after polymer dissolution and 
hence transport into/thru the walls of the nanocomposite would be faster and hence 
would have higher calcium absorbed.  
After the calcium flow the samples were immersed in SBF for 72 h. FTIR and EDX 
showed no evidence for HCA formation in either of the 20 and 40 wt% polymer 
nanocomposites. This indicates that the calcium loading in the nanocomposite was 
not sufficient to induce HCA formation.  
B.1.3 Summary 
The main conclusions from the results were:  
1. The flow method was not suitable for the incorporation of calcium due to the 
possible loss of polymer during flow. 
2. There was no uptake of Ca in the 20 wt% polymer sample and even in the 40 
wt%, the uptake was insufficient for HCA formation (after 6 h). 
3. Degradation in water after degassing was found to be extremely rapid. 
4. The inorganic 70S30C sol-gel glass with 0 wt% γ−PGA did not break up on 
contact with water, led to the conclusion that the introduction of the Na+ 
γ−PGA made the nanocomposite unstable in water. This was supported by the 
finding that the higher polymer content 40 wt % nanocomposite broke apart 
more rapidly than the 20 wt% nanocomposite.  
5. The reasons for the nanocomposite instability in water was thought to be 
because of the Na+ γ−PGA being a water soluble polymer and that sodium 
has a coordination of 1 therefore it would not be able to crosslink the polymer 
chains.  
B.2 Ca2+ γ−PGA polymer nanocomposites 
The Ca2+ γ−PGA is also water soluble but the calcium ions in the polymer can bond 
to 2 or 6 γ−PGA carboxylic acid groups by ionic bonding. This would enable chains 
of Ca2+ γ−PGA polymer to be crosslinked. Therefore it was assumed that a 
nanocomposite containing Ca2+ γ−PGA polymer would perform better in degradation 
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and mechanical tests than the Na+ γ−PGA. However, it was also found to be brittle 
and poor at resorption in water.  
After mixing the calcium salt polymer in to the 100S inorganic sol it was found to be 
soluble at 24 wt% polymer content but once this was increased to 29 wt%, the 
calcium salt polymer was only partially soluble. The nanocomposite sol containing 
70 wt% polymer was also transparent. This indicates that there are upper and lower 
thresholds for the solubility of Ca2+ γ−PGA in the 100S sol. But once these 
nanocomposite sols gelled, they turned opaque, as occurred with the Na+ γ−PGA 
polymer nanocomposite. The loss of transparency for these systems can be caused by 
two reasons. Firstly, the formation of pores large enough to diffract light may evolve 
during gelation and secondly, the separation of organic and inorganic phases may 
cause light to diffract. In the Na+ and Ca2+ γ−PGA nanocomposites both cases were 
found to occur (Figure B.4). The SEM images in Figure B.4(a & b) show a porous 
polymeric matrix with nano particles of silica on the surface and (c) shows a 
1 μm
250 nm
250 nm
(c)
(a) (b)
 
Figure B.4.  SEM images of the class I nanocomposite with 70 wt% Ca2+ γ−PGA 
and 30 wt% 100S (a), (b) higher magnification of (a) and (c) different area of same 
sample  
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different region of the same sample with organic/inorganic phase separation.  
The assumption that the Ca2+ γ−PGA, which was also highly soluble, would 
crosslink the polymer network and reduce the resorption rate and enhance strength 
was proven to be false. This leads to two consequences for the development of 
nanocomposites; one, an insoluble polymer has to be used and two, if the polymer 
was soluble in water then it needs to the bound to the silica network.  
B.3 Class I with free acid γ−PGA  
When γ−PGA powder was added to the 100S or 70S30C sol it was found not to 
dissolve and always settled at the bottom of the mixture. To incorporate free acid 
γ−PGA into the inorganic sol it was dissolved in DMSO. To this mixture CaCl2 was 
added in proportional amounts this was then transferred to a sol containing 
prehydrolysed TEOS. A final composition of 40 wt% γ−PGA, 42w t% SiO2 and 18 
wt% CaO was achieved. The polymer was dissolved in DMSO at 70°C (refer to 
section 4.3.2 DSC trace of γ−PGA in Chapter 4 for choice of temperature) which 
gave a clear but yellowish solution. Once CaCl2 was added the solution remained 
clear but there was a large increase in the viscosity of the solution. When this was 
added to 100S sol the yellowish transparent solution turned translucent.  
Interesting observations were made while gelling. For the samples that were left to 
gel a large phase separation was observed before gelling. Gelling time for these 
nanocomposites without HF also took more than 14 days which was longer than that 
of the inorganic sols and Na+ γ−PGA polymer nanocomposites. The resulting gel was 
composed of a transparent gel (which was assumed to be glassy) on top of an opaque 
fluid like material (most likely to be a calcium crosslinked polymeric network), 
however after aging and drying this large phase separation was no longer visible and 
a single white solid was produced. Although DMSO was a good solvent for the 
γ−PGA polymer into the inorganic sol it was not capable of avoiding phase 
separation. Since gelation took longer, the polymer phase separated out to the bottom 
of the mould. This was also as observed with the free acid γ−PGA mixed straight into 
the inorganic sol. However, during drying the solvent DMSO would be the last to 
evaporate which meant that the phase separated polymer could dissolve back into the 
pores of the gelled inorganic.  
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The samples with HF gelled in 15 minutes, this was slightly longer than the inorganic 
sols which gelled in 12 minutes, but much faster than the sodium salt γ−PGA with 
the same wt% of polymer which gelled in over 30 minutes. Using HF, rapid gelling 
was achieved, which reduced the amount of phase separation by trapping polymer 
dissolved in DMSO within the inorganic particles.  
Figure B.5 shows the SEM images of the nanocomposite gelled with HF. The larger 
particles (~ 1 μm Figure B.5(a)) were composed of smaller particles of silica of the 
order of 25 nm (Figure B.5(b)). 
The degradation in water was slower than for the Na+ and Ca2+ γ−PGA polymer 
nanocomposites. The fast breakup observed for the salt polymer nanocomposites was 
not found. However it was the inorganic which was slowing the degradation as the 
polymer was found to leach out of the nanocomposite in the first few minutes after 
immersion in water. This indicates that the polymer was not directly influencing the 
degradation; rather it was influencing the inorganic network formation during the 
synthesis. Apart from having a nanocomposite which was leaching out the polymer it 
was also brittle to the touch.  
250 nm 50 nm
(a) (b)
 
Figure B.5.  SEM images of the class I nanocomposite with 40 wt% γ−PGA (a) and 
(b) at higher magnification. 
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Appendix C – Dissolution of class I and class II 
nanocomposite foams in water 
Figure C.1 shows photos of the dissolution class I (a-e) and class II (f-j) 
nanocomposite foams in water. The class I nanocomposite breaks up immediately on 
contact with water (Figure C.1b) while the class II remains intact. The Figure C.1(e) 
shows the class I nanocomposite 11 seconds after immersion, it shows that the 
nanocomposite has broken into many pieces and these pieces were stabilised by the 
air bubbles in the pores which present water from penetrating into the foam. The 
class II nanocomposite on the other hand sank to the bottom of the flask once 
immersed due to complete evaporation of the air bubbles. The images demonstrate 
the impact of covalently crosslinking the organic and inorganic on the stability of the 
nanocomposite foams.  
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Figure C.1.  Images of the dissolution of class I (a-e) and class II (f-j) 
nanocomposite foams in water. 
